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ABSTRACT 

The o p t i c a l  and p h o t o e l e c t r i c  p r o p e r t i e s  of t h i n  

f i l m s  of go ld  and aluminum have been i n v e s t i g a t e d  i n  

t h e  s p e c t r a l  r e g i o n  of 100 t o  1000A. P a r t i c u l a r  a t t e n t i o n  
0 

h a s  been p a i d  t o  t h e  e f f e c t s  of p o l a r i z a t i o n  and a n g l e  

of inc idence  on t h e  t o t a l  y i e l d  and ene rgy  d i s t r i b u t i o n  

of t h e  p h o t o e l e c t r o n s .  The r e f l e c t a n c e ,  which w a s  

measured as  a n  e s s e n t i a l l y  con t inuous  f u n c t i o n  of t h e  

a n g l e  of i n c i d e n c e  i n  order t o  o b t a i n  y i e l d s  p e r  absorbed 

photon ,  w a s  a l s o  used i n  con junc t ion  w i t h  t h e  F r e s n e l  

r e l a t i o n s  t o  c a l c u l a t e  t h e  o p t i c a l  c o n s t a n t s  and p o l a r i z a -  

t i o n  of t h e  i n c i d e n t  beam. To check t h e s e  r e s u l t s ,  the  

p o l a r i z a t i o n  was measured d i r e c t l y ,  and i n  a d d i t  i o n ,  t h e  

r e f l e c t a n c e  w a s  measured a t  s e v e r a l  a n g l e s  of i nc idence  

w i t h  t h e  p l a n e  of i nc idence  r o t a t e d  90'. 

o p t i c a l  c o n s t a n t s  and t h e  complementary p o l a r i z a t i o n  d a t a  

The c a l c u l a t e d  

were t h e n  used t o  p r e d i c t  t h e  o r i g i n a l  r e f l e c t a n c e  c u r v e s .  

A s p h e r i c a l  r e t a r d i n g  p o t e n t i a l  sys t em w a s  employed t o  

o b t a i n  d a t a  p rov id ing  t o t a l  y i e l d s ,  w h i l e  an e l e c t r o n  

m u l t i p l i e r  w i t h  a r e t a r d i n g  g r i d  s y s t e m  measured t h e  photo-  

e l e c t r o n  ene rgy  d i s t r i b u t i o n s .  I t  w a s  found t h a t  t h e  

v a r i a t i o n  of  p h o t o e l e c t r i c  y i e l d  w i t h  a n g l e  of i n c i d e n c e  

depends p r i m a r i l y  on t h e  a b s o r p t i o n  d e p t h  of t h e  pho tons .  

The e f f e c t  of t h e  d i r e c t i o n  of p o l a r i z a t i o n  r e l a t i v e  t o  

t h e  p l a n e  of i nc idence  w a s  s m a l l  and cou ld  on ly  be s e e n  i n  

terms of t h e  y i e l d  of low energy p h o t o e l e c t r o n s .  

v i  



I .  INTRODUCTION 

Observa t ion  of t h e  v a r i o u s  r e s u l t s  of t h e  i n t e r -  

a c t i o n  of photons  w i t h  a s o l i d  p r o v i d e s  one of t h e  most 

impor t an t  s o u r c e s  of  data on t h e  a tomic  and e l e c t r o n i c  

s t r u c t u r e  of t h e  s o l i d  s t a t e .  The e x t e n t  t o  which l i g h t  

is reflected or absorbed depends on b o t h  t h e  e l e c t r o n i c  

band s t r u c t u r e  and t h e  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  

a s s o c i a t e d  w i t h  c o l l e c t i v e  o s c i l l a t i o n s  of t h e  e l e c t r o n  

plasma.  For s u f f i c i e n t l y  e n e r g e t i c  photons ,  photo-  

e l e c t r o n s  may be produced w h i c h  c a r r y  a g r e a t  dea l  of 

i n f o r m a t i o n  about  e l e c t r o n i c  band s t r u c t u r e  i n  terms of 

t h e i r  energy  and a n g u l a r  d i s t r i b u t i o n ,  i f  measured as  a 

f u n c t i o n  of t h e  wavelength of t h e  i n c i d e n t  photons  and of 

t h e  a n g l e  of i n c i d e n c e .  In  e i t he r  case, huwever, t h e  

i n t e r p r e t a t i o n  is o f t e n  complicated by effects  due t o  

p o l a r i z a t i o n  of t h e  i n c i d e n t  photon beam. 

I n  a l l  s p e c t r a l  r e g i o n s  excep t  the extreme u l t r a -  
0 

v i o l e t  below about  5 0 0 A ,  i t  is p o s s i b l e  t o  e l i m i n a t e  

p o l a r i z a t i o n  a s  a v a r i a b l e  by u s i n g  n e a r l y  u n p o l a r i z e d  

l i g h t  from a normal inc idence  monochromator. Below 500A , 
0 

t h e  r e f l e c t a n c e  of a l l  materials a t  normal inc idence  is s o  

low t h a t  a r easonab le  photon f l u x  can  be o b t a i n e d  o n l y  by 

u s i n g  a g r a z i n g  i n c i d e n c e  s y s t e m .  Although it is t h e o r e t -  

i c a l l y  p o s s i b l e  t o  determine t h e  s t a t e  of p o l a r i z a t i o n  of 

1 
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t he  i n c i d e n t  l i g h t  as w e l l  a s  the opt ical  c o n s t a n t s  of 

the  sample by measur ing  t h e  r e f l e c t a n c e  f o r  three a n g l e s  

of inc idence ,  t h i s  method may be ve ry  s e n s i t i v e  t o  errors 

due t o  t h i n  oxide  layers o r  s u r f a c e  con tamina t ion .  1 

In t h i s  research, t h e  o p t i c a l  c o n s t a n t s  and 

p o l a r i z a t i o n  were determined from reflectance data f o r  

go ld ,  which is known t o  be d i f f i c u l t  t o  con tamina te ,  and 

f o r  aluminum which w a s  known t o  have a n  ox ide  f i l m  of 

about  30A t h i c k n e s s  having  been exposed t o  a i r  a t  atmos- 
0 

pheric  p r e s s u r e .  The p o l a r i z a t i o n  w a s  a l s o  measured 

d i r e c t l y ,  u s i n g  a p o l a r i z e r - a n a l y z e r  c o n s i s t i n g  of m u l t i p l e  

g r a z i n g  inc idence  r e f l e c t i o n s ,  and is compared t o  tha t  

ob ta ined  by  the  th ree -ang le  r e f l e c t a n c e  method mentioned 

above. One is t h u s  able t o  determine t h e  e x t e n t  t o  which 

e r r o r s  would be p r e s e n t  i n  the  opt ical  c o n s t a n t s  as 

de termined  from r e f l e c t a n c e  data a l o n e .  

P o l a r i z a t i o n  may effect photoemiss ion  a t  non-normal 

i n c i d e n c e  in either of t w o  ways. The first is s i m p l y  

t h a t  the  r e f l e c t a n c e  and, hence,  a b s o r p t i o n  c u r v e s  are 

polarizat ion-dependent  . The o r d i n a r y  procedure  of showing 

the  y i e l d  per absorbed photon shou ld  completely e l i m i n a t e  

t h i s  effect. The second, known as the  v e c t o r  effect ,  is 

a s s o c i a t e d  w i t h  the p h o t o e l e c t r o n s  having  a preferred 

d i r e c t i o n  of emiss ion  w h i c h  may be correlated w i t h  t h e  

d i r e c t i o n  of t h e  electric vector of the l i g h t  and t h e  

s u r f a c e  normal.  In t h i s  paper ,  d a t a  are p resen ted  g i v i n g  
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t h e  v a r i a t i o n  of y i e l d  w i t h  ang le  of i n c i d e n c e  f o r  

r o t a t i o n  about  two mutua l ly  p e r p e n d i c u l a r  a x e s  f o r  a 

photon beam of known p o l a r i z a t i o n .  In  a d d i t i o n ,  t h e  v a r i a -  

t i o n  i n  y i e l d  is f u r t h e r  ana lyzed  i n  terms of  b o t h  h i g h  

ene rgy  and l o w  ene rgy  p h o t o e l e c t r o n s .  I t  is shown t h a t  

the v e c t o r  e f f e c t  appea r s  predominant ly  i n  t h e  y i e l d  of 

low energy  e l e c t r o n s ,  which is e x p l a i n e d  i n  terms of t h e  

v a r i o u s  s c a t t e r i n g  p r o c e s s e s  t h e  p h o t o e l e c t r o n  must undergo 

before e s c a p i n g  th rough  t h e  s u r f  ace. 

The i n t e r a c t i o n  of photons w i t h  matter p r o v i d e s  

da t a  which are r e l a t i v e l y  easy t o  i n t e r p r e t ,  s i n c e  any 

photon which is absorbed must g i v e  up a l l  of its ene rgy  

t o  t h e  a b s o r b i n g  system. I n  o r d e r  f o r  a photon t o  be 

absorbed no t  o n l y  must two s ta tes  of t h e  a b s o r b i n g  

sys tem be s e p a r a t e d  by e x a c t l y  t h e  ene rgy  of t h e  photon, 

b u t  t h e  lower l e v e l  must be popu la t ed  whi le  t h e  uppe r  

l eve l  must be empty. I n  t he  case of  g a s e s ,  f o r  example,  

a b s o r p t i o n  d a t a  u s u a l l y  p rov ides  t h e  framework fo r  t h e  

i n t e r p r e t a t  i o n  of the  more complex molecu la r  emis s ion  

data .  In  such  i n s t a n c e s ,  t h e  lower l e v e l  is u s u a l l y  

w e l l  known. 

However, i n  t h e  a b s o r p t i o n  of a photon by e i t h e r  

a gaseous  plasma or a s o l i d ,  there is u n c e r t a i n t y  r e g a r d i n g  

b o t h  t h e  upper  and lower l e v e l .  I t  is sometimes p o s s i b l e  

t o  o b t a i n  a d d i t i o n a l  i n fo rma t ion  about  t h e  upper  l e v e l  

and t h u s  de t e rmine  what  energy l e v e l s  w e r e  i nvo lved .  
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There are t w o  ways of g a t h e r i n g  i n f o r m a t i o n  about  t h e  

uppe r  s t a t e  of t h e  s y s t e m .  The f i r s t  depends on t h e  f ac t  

t h a t  the  s y s t e m  w i l l  u s u a l l y  undergo f u r t h e r  t r a n s i t i o n s  

back t o  the  ground s t a t e .  F l u o r e s c e n t  r a d i a t i o n  w i l l  

r e s u l t  i f  t h e r e  are accessible e l e c t r o n i c  states below 

t h e  o r i g i n a l  e x c i t e d  s t a t e .  The wavelengths  p r e s e n t  i n  

t h e  f l u o r e s c e n c e  can  o f t e n  be used t o  de te rmine  the 

states invo lved .  The second approach  is a p p l i c a b l e  when 

t h e  o r i g i n a l  e x c i t a t i o n  produces o t h e r  e f f ec t s  on t h e  

s y s t e m ,  such  as p h o t o i o n i z a t i o n ,  photoemiss ion ,  o r  photo-  

d i s s o c i a t i o n .  The co r re spond ing  y i e l d s  and e f f i c i e n c i e s  

as w e l l  as t h e  ene rgy  and a n g u l a r  d i s t r i b u t i o n s  of t h e  

secondary  p a r t i c l e s  p rov ide  s t i l l  f u r t h e r  d a t a  on t h e  

n a t u r e  of t h e  uppe r  l e v e l .  

2 

When a photon is absorbed by a s o l i d ,  t h e  r e s u l t i n g  

t r a n s i t i o n  is from an energy band below t h e  f e r m i  l e v e l  

t o  one above t h e  f e r m i  l e v e l .  The vacancy l e f t  behind is 

u s u a l l y  f i l l e d  by a non- rad ia t ive  t r a n s i t i o n  o r  r e a r r a n g e -  

ment of t h e  e l e c t r o n s  i n  t h a t  band. Only i f  there is a 

f i l l e d  band l y i n g  above the band c o n t a i n i n g  t h e  hole ,  is 

t h e  p r o b a b i l i t y  of f l u o r e s c e n c e  a p p r e c i a b l e .  To be s e e n ,  

t h e  wavelength of t h e  f l u o r e s c e n c e  m u s t  l i e  i n  a s p e c t r a l  

r e g i o n  which is n o t  s t r o n g l y  absorbed by t h e  s o l i d ,  If 

t h e  photon is absorbed by promoting an e l e c t r o n  from the  

v a l a n c e  band of an i n s u l a t o r  o r  t h e  conduct ion  band of 

a conduc to r  t o  a n  empty band above t h e  f e r m i  l e v e l ,  l i t t l e  
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o r  no f l u o r e s c e n c e  w i l l  be observed.  

The e x c i t e d  e l e c t r o n s ,  however, can  o f t e n  be used 

t o  de te rmine  t h e  uppe r  s t a t e  involved  i n  t h e  a b s o r p t i o n  

t r a n s i t i o n .  There i s  a unique set  of e n e r g i e s  and momenta 

a s s o c i a t e d  w i t h  t h e  a b s o r p t i o n  of  a photon of  a g iven  

ene rgy .  One can  sometimes determine t h e  ene rgy  of a 

p h o t o e l e c t r o n  w h i l e  s t i l l  i n  t h e  s o l i d  by examining t h e  

e l ec t r i ca l  p r o p e r t i e s  of  t h e  s o l i d .  However, i f  the  

e l e c t r o n  can  be made t o  escape from t h e  s o l i d  i n t o  a 

s u r r o u n d i n g  vacuum, much more g e n e r a l  and v e r s a t i l e  

t e c h n i q u e s  are a v a i l a b l e .  The major problem i n  u s i n g  

t h i s  approach  is t h a t  t h e  p h o t o e l e c t r o n  is l i k e l y  t o  

undergo one or more i n t e r n a l  s c a t t e r i n g  p r o c e s s e s  before 

it can  reach t h e  s u r f a c e  and e s c a p e .  A large amount of 

i n fo rma t ion  abou t  t h e  band s t r u c t u r e  of s o l i d s  has been 

o b t a i n e d  from such photoemission s t u d i e s  .3 

t e c h n i q u e s  w i l l  be examined here w i t h  t h e  view of reducing  

t h e  p r o b a b i l i t y  of a s c a t t e r i n g  e v e n t  o c c u r r i n g  before 

t h e  e l e c t r o n  can reach t h e  s u r f a c e  and e s c a p e .  

S e v e r a l  

A b r i e f  review of t h e  t e c h n i q u e s  and data of  t h e  

p i o n e e r i n g  workers i n  t h i s  f i e l d  w i l l  h e l p  g i v e  p e r s p e c t i v e  

t o  t h e  work p resen ted  here. The v a r i o u s  researches t o  

be d i s c u s s e d  have been s e l e c t e d  more on t h e  b a s i s  of 

t h e  t e c h n i q u e s  used t h a n  on t h e i r  p r e s e n t a t i o n  of large 

amounts of d a t a .  Even so ,  only a s m a l l  f r a c t i o n  of t h e  

p a p e r s  u s i n g  somewhat novel  t e c h n i q u e s  w i l l  be i n c l u d e d .  
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S h o r t l y  a f t e r  t h e  d i scove ry  of t h e  p h o t o e l e c t r i c  

e f fec t  by Hertz i n  1887, v a r i o u s  e ~ p e r i m e n t o r s ~  w e r e  able  

t o  de te rmine  a number of t h e  f a c t o r s  a f f e c t i n g  t h e  t o t a l  

p h o t o e l e c t r i c  y i e l d .  The e a r l y  data ,  which were t a k e n  

u s i n g  a forward c o l l e c t i n g  b i a s ,  c l e a r l y  demonst ra ted  t h e  

p h o t o e l e c t r i c  t h r e s h o l d ,  t h e  i n c r e a s e  i n  y i e l d  w i t h  

s h o r t e r  wavelengths ,  t h e  s t r o n g  e f f e c t s  of  t h e  p re sence  of 

g a s e s  w i t h  c e r t a i n  materials, and t h e  r e l a t i v e l y  greater 

y i e l d s  of t h e  a l k a l i  metals. I t  w a s  f u r t h e r  no ted  t h a t  

these e f f e c t s  were independent of t h e  i n t e n s i t y  of 

i l l u m i n a t i o n .  I n  p a r t i c u l a r ,  t h e  p h o t o e l e c t r i c  t h r e s h o l d  

c o u l d  n o t  be lowered o r  r a i s e d  by u s i n g  e i ther  ex t r eme ly  

s t r o n g  o r  weak i n t e n s i t i e s .  Measurements made by Lenard 

and Johnson i n  1889 demonstrated t h a t  t h e  p a r t i c l e s  

emit ted were e l e c t r o n s ,  and t h a t  t h e  shape  of t h e  ene rgy  

d i s t r i b u t i o n  c u r v e s  were a l s o  independent  of i n c i d e n t  

i n t e n s i t y .  

These effects  were i n c o n s i s t e n t  w i t h  t h e  t h e n  

p r e v a l e n t  wave t h e o r y  of l i g h t  and remained unexpla ined  

u n t i l  1905, when E i n s t e i n  advanced t h e  quantum t h e o r y  of 

l i g h t ,  which exp la ined  m o s t  of t h e  above phenomena and 

went on t o  p r e d i c t  s e v e r a l  new e f f e c t s .  P r i n c i p a l  among 

t h e s e  w a s  the  p r e d i c t i o n  t h a t  t h e  m o s t  e n e r g e t i c  e l e c t r o n s  

s h o u l d  have a n  energy  p r o p o r t i o n a l  t o  t h e  ene rgy  of t h e  

i n c i d e n t  photons minus a c o n s t a n t ,  and that  t h i s  c o n s t a n t  

shou ld  be e q u a l  t o  t h e  work f u n c t i o n  of t h e  material .  
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Because of e x p e r i m e n t a l  d i f f i c u l t i e s ,  which w i l l  be 

d i s c u s s e d  l a te r ,  the  first p r e d i c t i o n  w a s  n o t  v e r i f i e d  

u n t i l  about  1930. The second p r e d i c t i o n  r e q u i r e d  the ap- 

p l i c a t i o n  of Fermi-Dirac s ta t i s t ics  i n  order t o  o b t a i n  t h e  

p r o p e r  work f u n c t i o n  as  w e l l  as ve ry  c a r e f u l  p r e p a r a t i o n  

of the  material. Many d i s c r e p a n c i e s  were found i n  t h e  

e x p e r i m e n t a l  v e r i f i c a t i o n  of both of these p r e d i c t i o n s  

whenever great accu racy  w a s  a t t empted .  In t h e  e a r l y  1930's, 

however, c a r e f u l  examinat ion  of t h e  effects  of s u r f a c e  con- 

t a m i n a t i o n  and of t h e  microscopic  s u r f a c e  s t r u c t u r e  led t o  

c o r r e c t i o n s  which s a t i s f a c t o r i l y  e x p l a i n e d  t h e  remain ing  

ambigui ty  i n  e x p e r i m e n t a l  r e s u l t s .  

S i n c e  t h e  terms "surf ace" and "volume" 

photoelectric effect are used here and are o f t e n  found 

i n  t h e  l i t e r a t u r e ,  a brief d i s c u s s i o n  of t h e  i n t e n d e d  

meanings is inc luded  below. In t h e  immediate v i c i n i t y  

of t he  s u r f a c e  of a s o l i d ,  t h e  ene rgy  bands are s e v e r e l y  

dis tor ted and the  s e l e c t i o n  r u l e  a l l o w i n g  o n l y  direct  

t r a n s i t i o n s  ( c o n s e r v a t i o n  of momentum n o t  i n v o l v i n g  

phonons) is much less r i g o r o u s  t h a n  i n  the  bu lk  of t h e  

material. Thus, the  p h o t o e l e c t r i c  p r o p e r t i e s  i n  t h i s  

r e g i o n  may be g r o s s l y  d i f f e r e n t  t h a n  t h e y  are i n  t he  bu lk .  

Because of t h e  greater p r o b a b i l i t y  of n o n - d i r e c t  t r a n s i -  

t i o n s  as  w e l l  as energy  band d i s t o r t i o n  n e a r  t h e  s u r f a c e ,  

p h o t o e l e c t r o n s  e x c i t e d  b y  photons w i t h  too l i t t l e  ene rgy  

t o  c a u s e  direct  i n t e r b a n d  t r a n s i t i o n s ,  are g e n e r a l l y  



associated w i t h  t h e  "sur face"  e f fec t .  F o r  h i g h e r  ene rgy  

photons ,  t h e  s o u r c e  of t h e  p h o t o e l e c t r o n s  is assumed t o  

be f a r  enough benea th  t h e  s u r f a c e  t h a t  t h e  o r d i n a r y  ene rgy  

bands  and b u l k  s e l e c t i o n  r u l e s  ( r e q u i r i n g  phonons f o r  

non-d i r ec t  t r a n s i t i o n s )  are a p p l i c a b l e .  Thus, t h e  photo-  

e lec t r ic  y i e l d  is t h e n  a s s o c i a t e d  w i t h  t h e  "volume" e f fec t .  

Most of t h e  subsequent  i n t e r p r e t a t i o n  and a n a l y s i s  of t h e  

r e s u l t s  t o  be p r e s e n t e d  here are based on t h e  assumption 

t h a t  t h e  ''volume'' e f f e c t  i s  predominant .  

The e f f e c t s  of  p o l a r i z a t i o n  of normally i n c i d e n t  

l i g h t  were i n v e s t i g a t e d  e x t e n s i v e l y  by Ives5 and I v e s  and 

Briggs' i n  t h e  1930 ' s .  

coated w i t h  v e r y  t h i n  f i l m s ,  t h e  y i e l d  w a s  much greater 

I t  was found t h a t  f o r  s u r f a c e s  

i f  t h e  e lectr ic  f i e l d  v e c t o r  of t h e  i n c i d e n t  l i g h t  had a 

component p e r p e n d i c u l a r  t o  the  s u r f  ace. T h i s  e f f e c t ,  

however: vanished  f o r  v e r y  t h i c k  f i l m s ,  f o r  which t h e  

180° phase s h i f t  upon r e f l e c t i o n  c a u s e s  t h e  p e r p e n d i c u l a r  

component of t h e  e lectr ic  f i e l d  j u s t  o u t s i d e  t h e  first 

s u r f a c e  t o  be n e a r l y  c a n c e l l e d  o u t .  These measurements 

w e r e  made i n  t h e  v i s i b l e  and n e a r  u l t r a v i o l e t ,  where t h e  

r e f l e c t a n c e s  are q u i t e  l a r g e .  Much l a t e r ,  Gor l i ch  and 

Hora' showed a s i m i l a r  bu t  smaller e f f e c t  f o r  b o t h  t h i c k  

f i l m s  and bulk  semiconductors .  In  t h o s e  cases, t h e  

s u r f a c e  p h o t o e l e c t r i c  e f fec t  w a s  p robab ly  predominant ,  

s i n c e  t h e  energy  of t he  photons w a s  n o t  s u f f i c i e n t  t o  

c a u s e  d i r ec t  i n t e r b a n d  t r a n s i t i o n s .  L i t t l e  work has been 
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done concern ing  t h e  v e c t o r  e f f e c t  i n  metals when t h e  

volume effect  is predominant , because of the d i f f i c u l t y  

of c o n t r o l l i n g  t h e  p o l a r i z a t i o n  as w e l l  as t h e  g e n e r a l  

expe r imen ta l  d i f f i c u l t y  of working i n  t h e  vacuum 

u l t r a v i o l e t .  

The r a t i o  of t h e  t o t a l  number of e l e c t r o n s  

which e scape  from t h e  s u r f a c e  of t h e  s o l i d  t o  t h e  number 

of  photons impinging on t h e  s u r f a c e  w a s  o r i g i n a l l y  con- 

sidered as  t h e  d e f i n i t i o n  of t h e  term " p h o t o e l e c t r i c  

y i e l d . "  However, w i t h  inc reased  u n d e r s t a n d i n g  of t h e  

e l e c t r o n i c  s t r u c t u r e  of s o l i d s  and t h e  p r o c e s s e s  involved  

i n  t h e  r e f l e c t i o n  and photoemission,  i t  became e v i d e n t  

t h a t  a more p h y s i c a l l y  meaningful d e f i n i t i o n  would be i n  

terms of t h e  number of e l e c t r o n s  released p e r  absorbed  

photon.  In  e i t h e r  case, t h e  r e l a t i o n  between t h e  photo-  

e lec t r ic  y i e l d  and t h e  number of photons  absorbed s o  as 

t o  produce i n t e r n a l  p h o t o e l e c t r o n s  was much more compli-  

cated t h a n  t h i s  d i f f e r e n c e  i n  d e f i n i t i o n .  Although it 

is desirable t o  d e f i n e  a q u a n t i t y  which is un ique ly  

a s s o c i a t e d  w i t h  a g iven  m a t e r i a l ,  there seems t o  be n o  

compel l ing  r eason  t o  a s s o c i a t e  t h e  term " p h o t o e l e c t r i c  

y i e l d "  o n l y  w i t h  a p a r t i c u l a r  a n g l e  of i n c i d e n c e .  I n  

t h i s  r e p o r t ,  t h e  p h o t o e l e c t r i c  y i e l d  is g iven  i n  terms 

of t h e  number of photons  absorbed,  and is c o n s i d e r e d  t o  be 

a f u n c t i o n  of b o t h  t h e  i n c i d e n t  wavelength  and t h e  a n g l e  

of i nc idence  and is denoted  by Y ( h  , e )  . F o r  normal 
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i n c i d e n c e ,  t h e  term Yn(X) is u s e d .  I n  e i t h e r  case, t h e  

arguments  i n  t h e  p a r e n t h e s i s  w i l l  g e n e r a l l y  be o m i t t e d .  

F o r  comple t eness ,  it should a l so  be s p e c i f i e d  t h a t ,  when 

no f u r t h e r  q u a l i f i c a t i o n s  a r e  inc luded ,  t h e  sample is 

o p t i c a l l y  smooth and o p t i c a l l y  t h i c k .  

Measurements of t h e  r e f l e c t a n c e  and a b s o r p t i o n  

of s o l i d s  are among t h e  o ldes t  t e c h n i q u e s  used t o  

de te rmine  p r o p e r t i e s  of t h e  s o l i d  s ta te .  S h o r t l y  a f t e r  

t h e  f o r m u l a t i o n  of t he  e q u a t i o n s  d e s c r i b i n g  e l e c t r o m a g n e t i c  

waves by Maxwell i n  1880, i t  w a s  p o s s i b l e  t o  d e r i v e  

r e l a t i o n s  g i v i n g  the  r e f l e c t a n c e  a t  a p l a n e  i n t e r f a c e  

i n  terms of t h e  magnet ic  p e r m e a b i l i t y ,  t h e  e lectr ic  

p e r m i t t i v i t y ,  and an  a b s o r p t i o n  c o e f f i c i e n t .  I t  w a s  

found t h a t  t h e  p e r m e a b i l i t y  could  u s u a l l y  be  ignored  i n  

comparison t o  t h e  p e r m i t t i v i t y ,  and t h a t  t h e  a b s o r p t i o n  

c o e f f i c i e n t  c o u l d  be i n c o r p o r a t e d  i n  t h e  form of an  

imaginary  component of the p e r m i t t i v i t y .  S i m i l a r  e q u a t i o n s  

had been d e r i v e d  i n  1823 by F r e s n e l  u s i n g  a model employing 

t r a n s v e r s e  ether waves. F r e s n e l  s i m u l t a n e o u s l y  sugges t ed  

a mechanism f o r  t h e  v a r i a t i o n  of t h e  index  of r e f r a c t i o n  

w i t h  wavelength,  which was l a t e r  e l a b o r a t e d  by Cauchy 

l ead ing  t o  h i s  famous d i s p e r s i o n  fo rmula .  

Maxwell 's e q u a t i o n s  made it p o s s i b l e ,  i n  p r i n c i p l e ,  

t o  p r e d i c t  t h e  o p t i c a l  c o n s t a n t s  of a medium f m m  i ts  

e lec t r ica l  and magnet ic  p r o p e r t i e s ,  o r  c o n v e r s e l y  t o  

de te rmine  these p r o p e r t i e s  from o p t i c a l  measurements.  
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The l a t t e r  approach  was u s u a l l y  n e c e s s a r y ,  s i n c e  it w a s  

found t h a t  t h e  e lec t r ica l  proper t ies  w e  IW s t r o n g l y  

f requency-dependent i n  t h e  range of v i s i b l e  l i g h t .  

N e v e r t h e l e s s ,  t he  e x c e l l e n t  agreements  o b t a i n e d  i n  c e r t a i n  

cases, p a r t i c u l a r l y  f o r  t h e  v e l o c i t y  of l i g h t  i n  vacuum, 

gave conv inc ing  ev idence  of t h e  v a l i d i t y  of Maxwell's 

e q u a t i o n s .  From t h i s  p o i n t  onward, t h e  o u t s t a n d i n g  

problem h a s  been t o  e x p l a i n  o r  p r e d i c t  t h e  v a r i a t i o n  of 

o p t i c a l  and/or  e l e c t r i c a l  p r o p e r t i e s  of matter i n  terms 

of i ts  microscopic  s t r u c t u r e .  T h i s  area c o n s t i t u t e s  

a somewhat s o p h i s t i c a t e d  e x t e n s i o n  of the work of F r e s n e l  

and Cauchy on  e x p l a i n i n g  the  cause  of  o p t i c a l  d i s p e r s i o n .  

Hence, it is r e f e r r e d  t o  g e n e r a l l y  a s  the  " d i s p e r s i o n  

t h e o r y  .*' A d i s c u s s i o n  of c lass ica l  d i s p e r s i o n  t h e o r y  

is p r e s e n t e d  i n  S e c t i o n  11. 

Because of t h e  r e l a t i v e l y  d i r e c t  b e a r i n g  of t h e  

o p t i c a l  p r o p e r t i e s  of a s o l i d  on its mic roscop ic  s t r u c t u r e ,  

numerous i n v e s t i g a t o r s  have made measurements of t h e  

r e f l e c t a n c e  and a b s o r p t i o n  of a l a r g e  number of materials 

i n  v a r i o u s  wavelength reg ions .8  

t h e  r e g i o n  of  t h e  extreme vacuum u l t r a v i o l e t  h a s  been 

r e l a t i v e l y  r e c e n t .  The e f f e c t  of p o l a r i z a t i o n  on t h e  

measurement of o p t i c a l  c o n s t a n t s  w a s  c o n s i d e r e d  

p r e d i c t a b l e  and hence ,  its a c t u a l  d e t e r m i n a t i o n  of l i t t l e  

v a l u e .  F o r  t h i s  r eason ,  most measurements w e r e  made w i t h  

u n p o l a r i z e d  l i g h t ,  o r  else the  e f f e c t s  of p o l a r i z a t i o n  of 

I n  g e n e r a l ,  work i n  
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t h e  i n c i d e n t  l i g h t  were removed by a v e r a g i n g  measurements 

t a k e n  w i t h  t h e  p l a n e  of inc idence  r o t a t e d  by 90°. For 

wavelengths  below about  400A, it  is n e c e s s a r y  t o  u s e  a 
0 

g r a z i n g  inc idence  ins t rument  t o  p rov ide  monochromatic 

l i g h t ,  which n e c e s s a r i l y  means t h a t  t h e  d i f f r a c t e d  beam 

w i l l  be s u b s t a n t i a l l y  p o l a r i z e d .  

amount of as t igmatism i n  such an in s t rumen t  and t h e  

Because of t h e  la rge  

r e l a t i v e l y  low r e f l e c t a n c e ,  i t  o f t e n  is i m p r a c t i c a l  t o  

u s e  t h e  ave rag ing  t echn ique  mentioned above.  These 

c o n s i d e r a t i o n s  p rov ide  much o f  t h e  m o t i v a t i o n  f o r  t h e  

a n a l y s i s  carried o u t  i n  con junc t ion  w i t h  t h e  r e f l e c t a n c e  

measurements,  i n  which t h e  o p t i c a l  c o n s t a n t s  are de termined  

b o t h  w i t h  and w i t h o u t  measurements t a k e n  u s i n g  t w o  

o r t h o g o n a l  p l a n e s  of inc idence .  
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11. THEORY i)F OPTICAL CONSTANTS AND PHOTOEMISSION 

P o l a r i z a t i o n  and t h e  F r e s n e l  Equa t ions  

When a photon beam impinges on an a b s o r b i n g  

d ie lec t r ic  s u r f a c e ,  some of t h e  beam is r e f l e c t e d  a t  t h e  

boundary and t h e  rest is t r a n s m i t t e d  i n t o  t h e  medium. 

I f  t h e  wavelength of  t h e  l i g h t  is long  compared t o  t h e  

atomic s p a c i n g  i n  the  medium, and i f  t h e  medium is other-  

w i s e  homogeneous, t h e  problem of c a l c u l a t i n g  t h e  r e f l e c t e d  

i n t e n s i t y  reduces  t o  t h e  f a m i l i a r  boundary v a l u e  problem 

u s i n g  t h e  v e c t o r  wave The r e s u l t i n g  

e q u a t i o n s  for t h e  r e f l e c t e d  i n t e n s i t y  are known as t h e  
11'12 F r e s n e l  r e l a t i o n s  and can  be w r i t t e n  as f o l l o w s :  

( a  - c o s  e l 2  + b 2 

( a  + cos  e l 2  + b 2 '  
- - 

Rs 

2 
2 '  (2 )  (a = s i n  8 t a n  e l 2  + b 

'(a + s i n  8 t a n  e l 2  + b 
R = R  

P 

where 
a 2 1  = %{[(n 2 - k 2 - Sin2  e l 2  + 4x1 k 1 'I2 + (n2 - k 2 - s i n  2 e ) ] ,  

b2 = 2[[(n 1 2 - k 2 - s i n 2  e l 2  + 4n k 1 'I2 - (n2 - k 2 s i n  2 0 ) s .  

R and R are t h e  r e f l e c t a n c e s  f o r  l i g h t  w i t h  t h e  e lec t r ic  

v e c t o r  p e r p e n d i c u l a r  and p a r a l l e l ,  r e s p e c t i v e l y ,  t o  t h e  

p l a n e  of i n c i d e n c e .  0 is t h e  a n g l e  of i n c i d e n c e ,  and n and 

S P 

13 



s 

. 
14 

k are t h e  real and imaginary  components of the  complex 

index  of r e f r a c t i o n .  If t h e  i n c i d e n t  l i g h t  is p a r t i a l l y  

p o l a r i z e d ,  the  t o t a l  reflected i n t e n s i t y  is 

where is a measure of the degree  of p o l a r i z a t i o n  of the  

i n c i d e n t  l i g h t  g iven  by 

I -I 
F = S$, 

Is+ p 
(4) 

where Is and I 

components of p o l a r i z a t i o n  p a r a l l e l  and p e r p e n d i c u l a r ,  

are t h e  i n t e n s i t i e s  of t he  l i g h t  having  
P 

r e s p e c t i v e l y ,  t o  the  p l ane  of i nc idence .  

I t  can  be seen  t h a t  i f  n, k and 5 are n o t  known, 

t h e y  can  be de termined  by  making measurements of the  re- 

f l e c t a n c e  a t  three a n g l e s  of i nc idence .  The necessa ry  

i n v e r s i o n  must be done numer i ca l ly ,  however, because of 

t h e  t r a n s c e n d e n t a l  form of t he  e q u a t i o n s .  Var ious  computer 

programs e x i s t  f o r  t h i s  purpose.  12,13 The program used 

i n  t h i s  work is described i n  Appendix 1. 

Dispe r s ion  Theory 

D i s p e r s i o n  t h e o r y  a t tempts  t o  relate the  behav io r  of 

t he  op t ica l  c o n s t a n t  of a m a t e r i a l  t o  its mic roscop ic  or 

atomic s t r u c t u r e .  A convenient  p o i n t  of d e p a r t u r e  is t h e  

p h y s i c a l  e x p l a n a t i o n  of the e lectr ical  p r o p e r t i e s  of 
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matter i n  bu lk .  

The complex index  of r e f r a c t i o n ,  e ,  is related t o  

t h e  dielectr ic  c o n s t a n t  and the  c o n d u c t i v i t y  a s  follows: 

+ i c 2  = (n  + i k )  2 , 
e = ‘1 

and 
4~ a 

P -  

‘2 w ’  

( 5 )  

where e l  is the  o r d i n a r y  dielectr ic  c o n s t a n t  or  r e l a t i v e  

p e r m i t t i v i t y  of t h e  medium, o is t h e  electrical  conductance ,  

and u) is t h e  a n g u l a r  f requency .  It is assumed t h a t  t h e  

medium is non-magnet ic ;  t ha t  is, t h e  r e l a t i v e  p e r m e a b i l i t y  

is one. Low f r equency  measurements of these q u a n t i t i e s  

have shown t h a t  fo r  most m a t e r i a l s ,  t h e y  are independent  

of f r equency  below about  lo1’ H z .  

i n f r a r e d ,  however, t h e y  t e n d  t o  v a r y  s l i g h t l y  and i n  t h e  

u l t r a v i o l e t  the  v a r i a t i o n  is q u i t e  rapid and dramatic. 

For f r e q u e n c i e s  i n  t h e  

In the  l o w  f requency  l i m i t ,  it is assumed tha t  the  

dielectric c o n s t a n t  is due t o  the  atoms of t h e  material 

changing  t h e i r  s ta te  of electr ical  p o l a r i z a t i o n  w i t h o u t  

e n e r g y  loss ,  such  a s  t o  compensate p a r t i a l l y  or c a n c e l  

any imposed electric f i e ld .  Conductance is due t o  the  

p resence  of free e l e c t r o n s ,  which are assumed t o  be i n  

c o n t i n u o u s  e q u i l i b r i u m  w i t h  the  damping forces due  t o  

c o l l i s i o n s ;  t h a t  is, t h e y  are moving th rough  a v i s c o u s  

medium w i t h  a v e l o c i t y  which is t h e  ‘‘ terminal  v e l o c i t y ”  

unde r  a d r i v i n g  force p r o p o r t i o n a l  t o  the local electric 
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f i e l d .  The c lass ical  theory of d i s p e r s i o n  f o r  d ie lectr ics  

is concerned predominant ly  w i t h  t h e  former  assumption and 

makes u s e  of v a r i o u s  models t o  p r e d i c t  how the  p o l a r i z a -  

b i l i t y  shou ld  va ry  w i t h  f requency  and what energy  losses 

might accompany changes i n  p o l a r i z a t i o n .  Such ene rgy  

losses lead t o  a b s o r p t i o n  and, hence,  a f requency-dependent  

change i n  t h e  conductance.  The classical  t h e o r y  of 

d i s p e r s i o n  f o r  metals, on t h e  other hand, examines t h e  

effect  of changing the  l a t t e r  a s sumpt ions ,  f o r  i n s t a n c e ,  

by t a k i n g  i n t o  account  t h e  e f f e c t i v e  mass of t h e  e l e c t r o n ,  

as w e l l  as t h e  d i s c o n t i n u o u s  n a t u r e  of t h e  damping force. 

Changes i n  r e sponse  of t h e  free e l e c t r o n s  due t o  i n e r t i a l  

effects  t e n d  t o  be n o n - d i s s i p a t i v e  and hence predominant ly  

affect  the  dielectr ic  c o n s t a n t .  

One of the  e a r l i e s t  and most u s e f u l  theories fo r  

t h e  d i s p e r s i o n  of metals w a s  deve loped  by Drude in t h e  la te  

1880's. By assuming t h a t  the conduc t ing  e l e c t r o n s  are 

un i fo rmly  accelerated between c o l l i s i o n s ,  that the  c o l l i s i o n  

comple t e ly  restores random motion, and t h a t  the mean t i m e  

between c o l l i s i o n s  is independent  of t h e  e l e c t r o n ' s  

ve loc it y , he o b t a i n s  9 
N f  e e y T  

R =  

m J  U ( 7 )  

where N is t h e  number of atoms p e r  u n i t  volume and f is 

the  number of free e l e c t r o n s  p e r  atom, e t h e  e l e c t r o n i c  
e 

charge, T t h e  mean t i m e  between c o l l i s i o n s ,  and m t he  
13 e l e c t r o n i c  mass. A somewhat d i f f e r e n t  approach assumes 
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t h a t  t h e  e l e c t r o n s  are con t inuous ly  damped b u t  have n o  

b i n d i n g  f o r c e s  h o l d i n g  them t o  an  e q u i l i b r i u m  p o s i t i o n .  

T h i s  y i e l d s  
n 

(8) e = 1 +  4TNf eed 1 , 
m 2 

y,iw - w 

where v is t h e  damping c o e f f i c i e n t .  I n  t h e  l o w  

f r equency  l i m i t ,  

E q .  (6) and (71, g i v i n g  y e  = -. 
t h e  damping can  be ignored ,  g i v i n g  

e 
can  be e v a l u a t e d  b y  comparison w i t h  

yc 
1 For v e r y  h i g h  f r e q u e n c i e s ,  
7 

(9) 4 V N f  ee2 = (n + i k )  2 . e = l -  
2 

T h i s  e q u a t i o n  c o n t a i n s  t h e  ve ry  i n t e r e s t i n g  r e s u l t  t h a t  
mw 

i f  is p o s i t i v e  , k = 0 ,  whi le  i f  e is n e g a t i v e ,  n = 0 .  - 

The medium is t h u s  non-absorbing f o r  01 > 2e( TfNf, )'I2, 
\ m  / 1 /2 

or t o t a l l y  r e f l e c t i n g  f o r  w < 2e  . I n  e i t h e r  case, 

n o  ene rgy  is absorbed s i n c e  i n  t h i s  approximat ion  

t h e r e  is no i n t e r a c t i o n  between t h e  e lectrons and t h e  

l a t t i c e .  T h i s  t r a n s i t i o n  f requency ,  g i v e n  by 
1 /2 

f r equency  a s s o c i a t e d  w i t h  a p e r t u r b a t i o n  from 

, is c a l l e d  t h e  plasma f requency  and is 

t h e  e q u i l i b r i u m  cha rge  d i s t r i b u t i o n .  

S i n c e  6 goes  t o  z e r o  a t  t h e  plasma f r equency ,  one 

might  expec t  p l o t s  of bo th  t h e  rea l  and imaginary p a r t s  

of l / e  t o  peak s h a r p l y  a t  t h e  plasma f r equency  i f  t h e  

damping is  s m a l l .  These q u a n t i t i e s ,  exp res sed  i n  t e r m s  of 
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t h e  d i r e c t l y  measurable  o p t i c a l  c o n s t a n t s  are, 

r e s p e c t i v e l y  , 
2 - k  2 

&(f) a ;n2+k2) 2’  

and 

2nk 
Im(:) = (n2+k2)2’ 

(11)  

The l a t t e r  q u a n t i t y  is zero u n l e s s  bo th  n and k are zero, 

which occurs on ly  a t  the  plasma f r equency  making it a 

l i k e l y  c a n d i d a t e  f o r  u se  i n  look ing  f o r  p lasma- l ike  

effects.  Applying t h i s  c r i t e r i o n  t o  Eq. ( 8 ) ,  it is s e e n  
w 

t h a t  a t  t h e  plasma f r equency ,  I m  (4 = 1 and,  i f  ye is 

smal l ,  f a l l s  o f f  as y w 2 / ( ~  -wp2) a t  s h o r t  d i s t a n c e s  
Y e  2 

e P  
from t h e  peak 

I n c l u s i o n  of t h e  c lass ica l  e f f e c t  of t h e  bound 

e l e c t r o n s  leads t o  an e q u a t i o n  s imilar  t o  Eq. ( 8 )  b u t  
2 2  having  a d d i t i o n a l  terms of t h e  form w /(wn-w - yro) f o r  P 

e a c h  bound e l e c t r o n .  The added complexi ty  is g e n e r a l l y  

n o t  j u s t i f i e d  i n  view of the  approx ima t ions  a l r e a d y  made 

and t h e  extreme importance of quantum mechanics i n  

d e s c r i b i n g  t h e  bound e l e c t r o n s .  Most of t h e  q u a l i t a t i v e  

f e a t u r e s  of t h e  o p t i c a l  c o n s t a n t s  of metals can be 

e x p l a i n e d  i n  terms of t h e  above m o d e l ,  p a r t i c u l a r l y  i f  

f e  is  c o n s i d e r e d  t o  be a f u n c t i o n  of w ,  and t h e  p r o p e r  

p a r t i t i o n  f u n c t i o n  is used  t o  de t e rmine  t h e  e f f e c t i v e  

number of free e l e c t r o n s  p e r  atom. Converse ly ,  one of 
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t h e  most u s e f u l  forms of p r e l i m i n a r y  d a t a  p r e s e n t a t i o n  is 

i n  terms of t h e  p a r a m e t e r s  r e q u i r e d  t o  o b t a i n  t h e  best 

f i t  of t h e  da ta ,  and t h e  i r r e d u c i b l e  d e v i a t i o n  of t h e  data  

from t h e  p r e d i c t i o n s  of such a t h e o r y .  
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Energy Band S t r u c t u r e  and Photoemission 

The ene rgy  and a n g u l a r  d i s t r i b u t i o n  of photo-  

e l e c t r o n s  from a s o l i d  can provide  a great d e a l  of 

i n f o r m a t i o n  on the  d e n s i t y  of s ta tes  and energy  s t r u c t u r e  

below t h e  Fermi l e v e l .  One can  de te rmine  t h e  ene rgy  

band s t r u c t u r e  below t h e  Fermi l e v e l  from t h e  a n g u l a r  

and ene rgy  d i s t r i b u t i o n  of t h e  p h o t o e l e c t r o n s  i n  an  

i d e a l  case, where (1) t h e  p h o t o e l e c t r o n s  escaped w i t h o u t  

b e i n g  s c a t t e r e d ,  (2) t h e  so l id  is a s i n g l e  c rys t a l ,  and 

(3) t h e  on ly  t r a n s i t i o n s  which occur  are between s ta tes  

hav ing  e q u a l  c rys t a l  momentum. F o r  e l e c t r o n s  w i t h  

e n e r g i e s  above t h e  vacuum l e v e l ,  t h e  ene rgy  and momentum 

a r e  related as w i t h  a q u a s i - f r e e  e l e c t r o n ,  so  t h a t  t h e  

ene rgy  bands are ve ry  n e a r l y  f o l d e d  p a r a b o l a ,  a s  shown 

i n  F i g .  1. By s u b t r a c t i n g  t h e  energy  of t h e  i n c i d e n t  

photon from t h e  energy  of t h e  p h o t o e l e c t r o n ,  one o b t a i n s  

t h e  ene rgy  of t h e  i n i t i a l  s ta te  r e l a t i v e  t o  t he  vacuum 

l e v e l .  From the  a n g l e  of emiss ion  and t h e  momentum o f  

t h e  p h o t o e l e c t r o n  one o b t a i n s  k f o r  t h e  i n i t i a l  s t a t e .  

In  t h i s  way, data  on t h e  energy  and a n g u l a r  d i s t r i b u t i o n  

of t h e  p h o t o e l e c t r o n s  f o r  a l l  i n c i d e n t  photon e n e r g i e s  

c o u l d  be used t o  de t e rmine  t h e  complete  band s t r u c t u r e .  

In  cases where t h e  th ree  c o n d i t i o n s  s t a t e d  above do n o t  

a p p l y ,  c e r t a i n  d e t a i l s  of t h e  band s t r u c t u r e ,  as  w e l l  

20 



e 

21 

r X L K X  r 

F i g .  1. Energy Bands f o r  Aluminum i n  t h e  F r e e  
E l e c t r o n  L i m i t .  The r e c i p r o c a l  l a t t i c e  is a body-centered 
c u b i c  s t r u c t u r e ,  and t h e  B r i l l o u i n  zone is a t r u n c a t e d  
oc tahedron .  Except f o r  t h e  s p l i t t i n g  a t  o r  v e r y  n e a r  
t h e  zone b o u n d a r i e s ,  t h i s  approximation is ve ry  c l o s e  
t o  t h e  band s t r u c t u r e  as c a l c u l a t e d  by S e g a l l l 4 .  See 
S e g a l l  f o r  t h e  l a b e l i n g  of t h e  symmetry p o i n t s .  
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as in fo rma t ion  about  t he  t y p e  of t r a n s i t i o n s  allowed 

and t h e  s c a t t e r i n g  p rocesses  a f f e c t i n g  t h e  p h o t o e l e c t r o n s ,  

c a n  be e x t r a c t e d  from photoemission d a t a .  T h i s  is p o s s i b l e  

s i n c e  t h e  f o l l o w i n g  more r e a l i s t i c  c o n d i t i o n s  o f t e n  

p r e v a i l .  F i r s t ,  some of the  p h o t o e l e c t r o n s  are  

u n s c a t t e r e d ;  second,  some of t h e  u n s c a t t e r e d  e l e c t r o n s  

are  due t o  direct  t r a n s i t i o n s ;  and t h i r d ,  t h e  u n s c a t t e r e d  

e l e c t r o n s  r e s u l t i n g  from direct t r a n s i t i o n s  c a n  i n  some 

cases be d i s t i n g u i s h e d  from a l l  o thers .  

F o r  t r a n s i t  i o n s  invo lv ing  loosely-bound e l e c t r o n s ,  

t h e  c r y s t a l  momentum is n e a r l y  unchanged, s i n c e  t h e  

i n c i d e n t  photon carr ies  very l i t t l e  momentum. These 

t r a n s i t i o n s  are cal led d i r e c t  and are by f a r  t h e  most 

p robab le  t y p e  o f  t r a n s i t i o n  when t h e  i n i t i a l  s t a t e  l i e s  

i n  t h e  va l ance  o r  conduct ion band.  These and v a r i o u s  

o t h e r  p o s s i b l e  i n t e r b a n d  t r a n s i t i o n s  are i l l u s t r a t e d  i n  

F i g .  2 .  T r a n s i t i o n s  (a )  a n d  (b) are invo lved  i n  s o f t  

x - r ay  a b s o r p t i o n  and emiss ion ,  r e s p e c t i v e l y .  T r a n s i t i o n s  

s u c h  as (c) and (d)  i n  s e r i e s  lead t o  r e l a t i v e l y  low 

ene rgy  p h o t o e l e c t r o n s  w i t h  h i g h  energy  pho tons ,  w h i l e  ( c )  

and ( e )  r e p r e s e n t  t h e  dominant photon a b s o r p t i o n  p r o c e s s e s  

i n  t h e  u l t r a v i o l e t .  T r a n s i t i o n  ( f )  i l l u s t r a t e s  t h e  photon 

energy  t h r e s h o l d  f o r  d i r ec t  e x c i t a t i o n ,  and i n  t h i s  

case y i e l d s  t h e  lowes t  energy p h o t o e l e c t r o n s .  The dashed 

ene rgy  c u r v e s  show t h e  locus  of a l l  p o s s i b l e  direct  

t r a n s i t i o n s  from t h e  conduct ion band when e x c i t e d  w i t h  
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E N E R G Y  

1 
I E N S I T Y  OF 
STATES 

E L E C T R O N  M O M E N T U M  -- I 
L r X 

F i g .  2 .  Hypothetical  Energy Band and D e n s i t y  
of S t a t e s  Diagram, Showing the  Various E l e c t r o n i c  
T r a n s i t i o n s  of P o s s i b l e  Importance i n  t h e  Ul travio let .  
T r a n s i t i o n s  (a) through (f) are  d i r e c t ,  conserving  
momentum without t h e  a s s i s t a n c e  of a phonon. T r a n s i t i o n s  
(h) and ( i )  are nondirect  and invo lve  a l o c a l i z e d  t r a n s f e r  
of momentum t o  t h e  la t t ice ,  
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s u c h  a photon as  produced t r a n s i t i o n  ( c ) .  If a l l  t r a n s i -  

t i o n s ,  d i r e c t  o r  n o n d i r e c t ,  a r e  e q u a l l y  p r o b a b l e ,  t h e  

t r a n s i t i o n  p r o b a b i l i t y  f o r  (c) would be p r o p o r t i o n a l  

t o  t h e  product  of t h e  s o l i d  and dashed d e n s i t y  of s t a t e s  

c u r v e s .  Nondirect  t r a n s i t i o n s  are f o r b i d d e n  f o r  q u a s i - f r e e  

e l e c t r o n s  because t h e  e l e c t r o n  wave f u n c t i o n  is s t r o n g l y  

coupled  t o  t h e  l a t t i ce  o n l y  when t h e  wavelength is e q u a l  

t o  t h e  l a t t i c e  s p a c i n g .  When more t igh t ly -bound  e l e c t r o n s  

are invo lved ,  more momentum can  be t r a n s f e r r e d  t o  t h e  

l a t t i ce  or n u c l e u s .  T h i s  r e s u l t s  i n  a tomic - l ike  

a b s o r p t i o n ,  most of t h e  momentum change of t h e  e l e c t r o n  

b e i n g  i n i t i a l l y  t aken  up by t h e  n u c l e u s .  The n u c l e u s ,  

of c o u r s e ,  is bound i n  t h e  c r y s t a l  l a t t i c e ,  hence,  

momentum is  t r a n s f e r r e d  from one nuc leus  t o  t h e  n e x t ,  o r  

i n  g e n e r a l ,  a phonon is c r e a t e d .  I n  a c e r t a i n  f r a c t i o n  

of cases, t h e  phonon may have z e r o  energy;  t h a t  is, the 

i n i t i a l  a b s o r p t i o n  may be r e c o i l l e s s  i n  ana logy  w i t h  

t h e  Mossbaur effect .  S i n c e ,  however, t h e  e l e c t r o n i c  

c o n f i g u r a t i o n  of t h e  atom l o s i n g  t h e  e l e c t r o n  is changed 

there w i l l  be  a d d i t i o n a l  phonons due t o  t h e  r e s u l t i n g  

changing  i n  b i n d i n g  ene rgy .  I n  a d d i t i o n ,  t h e  e l e c t r o n i c  

e x c i t a t i o n  w i l l  be r e l a t i v e l y  s l o w l y  t r a n s f e r r e d  t o  

a d j a c e n t  atoms. T h i s  mobile e l e c t r o n i c  e x c i t a t i o n  is  

cal led a n  e x c i t o n .  

The r e l a t i v e  importance of these v a r i o u s  p r o c e s s e s  

c o u l d  be determined from t h e  d e t a i l e d  a n g u l a r  and energy  
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d i s t r i b u t i o n  of t h e  e jected p h o t o e l e c t r o n s  as t h e y  are  

emi t ted  i n  t h e  bulk  of t h e  s o l i d .  Most of t h e  complexi ty  

i n  i n t e r p r e t a t i o n  is i n  t h e  d e d u c t i o n  of t h e  i n i t i a l  

ene rgy  d i s t r i b u t i o n  from t h e  measured energy  d i s t r i b u t i o n  

of t he  emi t ted  p h o t o e l e c t r o n s .  The v a r i o u s  e l a s t i c  

and  i n e l a s t i c  s c a t t e r i n g  p r o c e s s e s ,  t a k i n g  p l a c e  bo th  

i n  t h e  bu lk  of t h e  material  and a t  t h e  s u r f a c e ,  t e n d  

t o  e l i m i n a t e  or a t  l eas t  mask much of  t h e  d e s i r e d  

i n f o r m a t i o n .  

I n  e i the r  of t h e  above cases, t h e  greater  

p r o b a b i l i t y  of t h e  d i rec t  t r a n s i t i o n  may be p a r t i a l l y  

compensated by t h e  v a s t l y  greater number of f i n a l  

s t a t e s  a v a i l a b l e  f o r  t h e  n o n d i r e c t  t r a n s i t i o n s .  If no  

d i r e c t  t r a n s i t i o n s  are p o s s i b l e ,  one might  expec t  t h e  

a b s o r p t i o n  c r o s s  s e c t i o n  t o  decrease b u t  n o t  n e c e s s a r i l y  

t h e  p h o t o e l e c t r i c  y i e l d ,  s ince i n  e i t h e r  case a l l  photons  

are e v e n t u a l l y  abso rbed .  The r e l a t i v e  p r o b a b i l i t y  

of t h e  d i r e c t  and n o n d i r e c t  t r a n s i t i o n s  can  be de te rmined  

t o  some e x t e n t  by comparing the p h o t o e l e c t r i c  y i e l d s  

f o r  a case where no d i r e c t  t r a n s i t i o n s  are p o s s i b l e  t o  

t h a t  f o r  a case where direct  t r a n s i t i o n s  should  c l e a r l y  

dominate--f o r  example, where a d i rec t  t r a n s i t  i o n  

c o n n e c t s  p o i n t s  having  h i g h  d e n s i t y  of s t a t e s .  I t  is 

c l e a r l y  u s e f u l :  however, t o  know a l s o  how t h e  a b s o r p t i o n  

d e p t h  v a r i e s  and how t h e  p r o b a b i l i t y  of a p h o t o e l e c t r o n ' s  

e s c a p i n g  depends on its energy and a b s o r p t i o n  d e p t h .  
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I f  t h e  p e n e t r a t i o n  d e p t h  of t h e  i n c i d e n t  photon 

beam is many wavelengths ,  the  material  is c o n s i d e r e d  

p a r t i a l l y  t r a n s m i t t i n g .  I n  t h i s  case, shown i n  F i g .  3, 

t h e  r e f l e c t a n c e  a t  t h e  s u r f a c e s  is de termined  p r i m a r i l y  

by t h e  real p a r t  of t h e  complex index  of r e f r a c t i o n .  

Cor re spond ing ly ,  t h e  a n g l e  of refract ion of t h e  beam as  

it  e n t e r s  t h e  sample is given by S n e l l ’ s  l a w ,  and t h e  

mean d e p t h  below t h e  s u r f a c e  a t  which t h e  photon is 

absorbed  is less t h a n  t h e  p e n e t r a t i o n  d e p t h  a t  normal 

i n c i d e n c e .  F i g .  4 ( a )  shows t h e  r a t i o  of a b s o r p t i o n  d e p t h  

t o  mean f r e e  p a t h  f o r  a p a r t i a l l y  t r a n s m i t t i n g  material ,  

c a l c u l a t e d  from t h e  formula d/d = ( 1 - s i n  e/n2)1/2, where 2 

8 is t h e  a n g l e  of inc idence  and n t h e  index  of r e f r a c t i o n .  

If a photon is absorbed  a t  a d e p t h  between x and x+dx, 

r e l e a s i n g  a p h o t o e l e c t r o n  having a mean f r e e  p a t h  b b e f o r e  

i t  is i n e l a s t i c a l l y  s c a t t e r e d  , t h e  number of u n s c a t t e r e d  

p h o t o e l e c t r o n s  from t h i s  depth  r e a c h i n g  t h e  s u r f a c e  is 
S i n c e  I ( x )  - Io( l -R)e  -x/d , g i v e n  by dNe = [ (a I /ax)dx]e  

t h i s  becomes dNe = I o ( l - R ) ( - l / d ) e  -x ( l /d+ l /b )  and t h e  

t o t a l  number of p h o t o e l e c t r o n s  r each ing  the s u r f a c e  is  

o r  
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F i g .  3. T y p i c a l  P r o c e s s e s  i n  Photon Absorp t ion  
and Photoemiss ion .  The i n c i d e n t  photon is reflected or  
refracted a t  ( a ) .  A t  (b) , t h e  photon is absorbed 
p roduc ing  a n  i n t e r n a l  p h o t o e l e c t r o n  whose i n i t i a l  direct i o n  
may depend on both t h e  l o c a l  l a t t i ce  o r i e n t a t i o n ,  and t h e  
p o l a r i z a t i o n  of t h e  photon .  The e l e c t r o n  is scattered 
e las t ica l ly  a t  (c) and a t  (d) makes a d i rec t  t r a n s i t i o n  t o  
a lower ene rgy  band. A t  (e) t h e  e l e c t r o n  is i n e l a s t i c a l l y  
scattered toward t h e  s u r f a c e  w i t h  a n  a n g l e  of i n c i d e n c e  
greater t h a n  t h e  maximum escape  angle 6 ,  and a t  ( f )  is 
t o t a l l y  reflected.  A t  (g) it  is scattered t o  w i t h i n  t h e  
escape cone ,  and a t  (h) escapes from t h e  s o l i d ,  a f t e r  be ing  
refracted away from t h e  normal. 



8 

1 

1 

0 

0 

0 

28 

F i g .  4 .  The E f f e c t  of Absorp t ion  Depth on 
P h o t o e l e c t r i c  Y i e l d .  The c u r v e s  i n  ( a )  g i v e  t h e  mean 
a b s o r p t i o n  d e p t h  d ,  r e l a t i v e  t o  t h e  photon mean f r e e  
p a t h  4 ,  as  a f u n c t i o n  o f  t h e  a n g l e  o f  i n c i d e n c e  f o r  
v a r i o u s  r e f r a c t i v e  i n d i c e s .  In (b )  t h e  c a l c u l a t e d  y i e l d  
p e r  absorbed photon of p h o t o e l e c t r o n s  of mean f r e e  p a t h  
b is shown f o r  v a r i o u s  r a t io s  of mean f r e e  p a t h s  C / b .  
These c u r v e s  are f o r  a medium of r e f r a c t i v e  index  
n = 0.9. 
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Curves of t h i s  r a t i o  a s  a f u n c t i o n  of 8 are g iven  i n  

F i g .  4 ( b )  f o r  v a r i o u s  r a t i o s  of t h e  photon t o  e l e c t r o n  

mean f r e e  p a t h .  S ince  t h e  escape  p r o b a b i l i t y  of an 

e l e c t r o n  r each ing  t h e  s u r f a c e  depends on ly  on its a n g l e  

of i nc idence  a t  t h e  s u r f a c e  and i t s  ene rgy ,  t h e  number 

of emi t t ed  p h o t o e l e c t r o n s  of a g iven  energy  shou ld  obey 

s u c h  a l a w  i f  i t  i s  assumed t h a t  a n e g l i g i b l e  number 

of e l e c t r o n s  a r e  s c a t t e r e d  f r o m  o t h e r  e n e r g i e s  i n t o  t h i s  

ene rgy  range .  In  terms o f  t h e  r e c i p r o c a l  y i e l d ,  Eq. 12 

becomes 

where Yn is t h e  y i e l d  a t  normal i n c i d e n c e  and Y t h e  y i e l d  

f o r  a r b i t r a r y  a n g l e s  of i n c i d e n c e .  Thus.  a p l o t  of Yn/Y 

a s  a f u n c t i o n  of d / C  shou ld  y i e l d  a s t r a i g h t  l i n e  having  

a s l o p e  given by m = (C/b)/[l+d/b] s o  5; = m/(l-m). G 

Since  t h e  mean f ree  p a t h  of a n  e l e c t r o n  i n  a s o l i d  

is s t r o n g l y  energy-dependent ,  t h e  v a r i a t i o n  of t h e  number 

of p h o t o e l e c t r o n s  i n  v a r i o u s  energy  r anges  w i t h  a n g l e  

of i n c i d e n c e  can be used t o  h e l p  de t e rmine  t h e  i n i t i a l  

a n g u l a r  and energy  d i s t r i b u t i o n s .  E l e c t r o n s  e s c a p i n g  

from t h e  sample f a l l  i n t o  four c a t e g o r i e s :  Those 

comple t e ly  u n s c a t t e r e d  . t h o s e  o n l y  e l a s t i c a l l y  sca t te red ,  

t h o s e  i n e l a s t i c a l l y  sca t te red ,  and t h o s e  r e s u l t i n g  from 

secondary  e x c i t a t i o n .  The  t h e o r e t i c a l l y  expec ted  v a r i a t i o n  

of  t h e  number of each  of t h e s e  t y p e s  w i t h  a n g l e  of 
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i nc idence  c a n  be compared wi th  t h e  co r re spond ing  

expe r imen ta l  d a t a ,  and t h i s  can be used t o  deduce t h e  

r e l a t i v e  number p r e s e n t  i n  each of t h e  above c a t e g o r i e s .  

When t h e  e l e c t r o n s  leave  t h e  s o l i d ,  t h e y  w i l l  

e i t h e r  be  reflected or r e f r a c t e d  i n  a manner e a s i l y  

c a l c u l a t e d  u s i n g  Huygens' p r i n c i p l e  .. which s imply  r e q u i r e s  

s p a t i a l  c o n t i n u i t y  of t h e  phase of t h e  wave f u n c t i o n  a t  

t h e  s u r f a c e  of t h e  mater ia l .  I n  t h i s  c o n t e x t ,  t h e  t r u e  

p ropaga t ion  v e c t o r  must be used r a t h e r  t h a n  t h a t  a s s o c i a t e d  

w i t h  t h e  e l e c t r o n  when reduced t o  t h e  f i r s t  B r i l l o u i n  

z o n e .  The f ree  e l e c t r o n  approximation is adequa te ,  

p r o v i d i n g  t h e  energy  is measured from t h e  c o r r e c t  zero 

which i n  g e n e r a l  w i l l  d i f f e r  o n l y  s l i g h t l y  from t h e  

ene rgy  a s s o c i a t e d  w i t h  t h e  bottom of t h e  conduc t ion  

band.  S ince  t h e  wavelength of t h e  e l e c t r o n  is greater 

i n  vacuum t h a n  i n  t h e  s o l i d ,  t h e r e  w i l l  be a n g l e s  of 

approach  of t h e  e l e c t r o n s  t o  t h e  s u r f a c e  f o r  which t h e  

e lec t ron  is t o t a l l y  r e f l e c t e d .  Thus o n l y  t h e  e l e c t r o n s  

approaching  t h e  s u r f a c e  w i t h  less t h a n  some c r i t i c a l  

a n g l e  of i n c i d e n c e  have a p o s s i b i l i t y  of e s c a p i n g .  



I I I .  INSTRUMENTATION 

L igh t  Source and Monochromator 

The vacuum u l t r a v i o l e t  r a d i a t i o n  was produced 

by t h e  d i s c h a r g e  of a 0 .5pf  c a p a c i t o r  th rough a 

b o r o n - n i t r i d e  c a p i l l a r y .  A c r o s s - s e c t i o n a l  view of t h e  

s o u r c e  is  shown i n  F i g .  5, based on a d e s i g n  o r i g i n a l l y  

developed by Lyman. l5 The spectrum produced i n  t h i s  way 

cons i s t s  almost e n t i r e l y  of t h e  emis s ion  l i n e s  of t h e  

mul t ip ly - ion ized  source  g a s  atoms. The c a p a c i t o r  is 

charged  t o  a v o l t a g e  of  6 t o  12kV and d i s c h a r g e d  w i t h  a 

r e p e t i t i o n  r a t e  of 11 p u l s e s  p e r  second.  The average  

p r e s s u r e  i n  t h e  c a p i l l a r y  i s  main ta ined  a t  about  0 .1  

t o r r  by b l e e d i n g  t h e  d e s i r e d  g a s  through t h e  anode a s  

shown. A t y p i c a l  spec t rum u s i n g  a i r  as  t h e  c a r r i e r  gas  

is shown i n  F i g .  6 .  S u b s t a n t i a l l y  g r e a t e r  i n t e n s i t i e s  i n  

t h e  r e g i o n  below 200A are  obta ined  i f  h i g h e r  v o l t a g e s  
0 

and lower p r e s s u r e s  t h a n  those  i n d i c a t e d  i n  Fig. 6 are 

u s e d .  

The e l e c t r i c a l  n o i s e  a s s o c i a t e d  w i t h  t h i s  t y p e  

of sou rce  t e n d s  t o  be q u i t e  s e v e r e  and c o n s i d e r a b l e  

e f f o r t  was n e c e s s a r y  t o  reduce t h e  n o i s e  l e v e l  t o  a v a l u e  

which would n o t  d i s r u p t  the s e n s i t i v e  e l e c t r o n i c s  a t  

t h e  o t h e r  end of t h e  expe r imen ta l  s e t -up .  The geometry 

of t h e  s h i e l d i n g  sys tem u l t i m a t e l y  found most s a t i s f a c t o r y  

31 
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F i g .  5. Source of Extreme U l t r a v i o l e t  R a d i a t i o n .  
A 0 . 5 ~ f  condenser  charged t o  abou t  l O k V  w a s  d i s c h a r g e d  
v i a  cable (d) and the anode (m) through t h e  0.125 i n c h  
c a p i l l a r y  (n) d r i l l e d  i n  a b o r o n - n i t r i d e  c y l i n d e r  ( e ) .  
The c u r r e n t  w a s  r e t u r n e d  t o  t h e  condense r  v i a  t h e  ca thode  
(f) , t h e  c o a x i a l  c y l i n d e r  (b) , and the  s h i e l d  of t h e  
c o a x i a l  c a b l e .  The shock wave produced by t h e  d i s c h a r g e  
w a s  p a r t i a l l y  d i s s i p a t e d  by  t he  expans ion  chamber and 
b a f f l e  a t  ( h ) .  Both t h e  anode and cathode were water- 
cooled as shown, t h e  anode be ing  i n s u l a t e d  by t h e  
t e f l o n  i n s e r t s  ( a )  and s e v e r a l  f e e t  of p l a s t i c  h o s e .  
The s o u r c e  g a s  was admitted through t h e  anode v i a  a leak 
v a l v e ,  and t h e  f low w a s  main ta ined  v i a  a pumping p o r t  
t h r o u g h  t h e  c y l i n d r i c a l  l u c i t e  window a t  ( g ) .  The source 
p r g s s u r e  w a s  measured a t  a similar p o r t  i n  (g) r o t a t e d  
90 from t h e  pumping p o r t .  
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F i g .  6 .  Typical  Emission Spectrum of A i r  Spark 

Source.  The source pressure was 60p, the  source supply 
v o l t a g e  8kV, and the  discharge c a p a c i t o r  was 0.5pf. The 
s h o r t e r  wavelength l i n e s  could be g r e a t l y  enhanced by 
i n c r e a s i n g  the  source supply v o l t a g e  of 10 or 12kV. 
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is i n d i c a t e d  i n  F i g .  7 .  The system is predominant ly  

c o a x i a l ,  having  a l l  c u r r e n t - c a r r y i n g  l e a d s  comple te ly  

enc losed  w i t h i n  non-current  - c a r r y i n g  conduc to r s ,  and 

whenever p o s s i b l e ,  having  counter-f  lowing c o a x i a l  c u r r e n t s .  

The monochromator was des igned  and b u i l t  a t  t h e  

l a b o r a t o r i e s  of t h e  Na t iona l  C e n t e r  for S c i e n t i f i c  

Research  a t  Be l l cvue ,  France,  u s i n g  t h e  Vodar-Romand t y p e  

mounting . l6 

600 l i n e s  p e r  mm r u l e d  on g l a s s  and a 3-meter r a d i u s  of 

c u r v a t u r e .  The a n g l e  of inc idence  w a s  82' and remained 

c o n s t a n t  a s  t h e  monochromator w a s  scanned .  The e x i t  

s l i t  of t h e  monochromator was f i x e d  w h i l e  t h e  s o u r c e  

and g r a t i n g  chamber were c o n s t r a i n e d  t o  move i n  such  a 

way as  t o  m a i n t a i n  t h e  f o c u s .  The l e n g t h  of t h e  e n t r a n c e  

arm w a s  c o n s t a n t  a t  0.27m, whi le  t h e  e x i t  arm, which 

c o n s i s t s  of 3 t e l e s c o p i n g  segments,  v a r i e d  i n  l e n g t h  

from 0.3 t o  1 .5  meters. F i g .  8 shows a schemat ic  d iagram 

of t h e  monochromator, s o u r c e  and e x p e r i m e n t a l  chamber. 

The in s t rumen t  w a s  o r i g i n a l l y  des igned  t o  be used w i t h  

a Vodar vacuum spark s o u r c e  having  a v e r y  l o w  ave rage  

p r e s s u r e .  For t h i s  r e a s o n ,  t h e  o n l y  pumping p o r t  w a s  

l o c a t e d  n e a r  t h e  e x i t  slit  a s  i n d i c a t e d .  In o r d e r  t o  

u s e  t h e  s o u r c e  d e s c r i b e d  and i n  a d d i t i o n  use  a r e l a t i v e l y  

wide e n t r a n c e  s l i t ,  it  was necessa ry  t o  p rov ide  f o r  

a d d i t i o n a l  pumping i n  t h e  v i c i n i t y  of t h e  e n t r a n c e  s l i t .  

An a p p r o p r i a t e l y  l o c a t e d  p o r t  w a s  a v a i l a b l e  and a knee  

The g r a t i n g  w a s  a Siegbahn t y p e ,  having  
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Fig .  7 .  Block Diagram of Source E l e c t r o n i c s  
and S h i e l d i n g  System. The s e c t i o n s  labeled (a) and (b) 
are doubly-sh ie lded  c o a x i a l  c a b l e s  hav ing  t h e  discharge 
c u r r e n t  f l o w i n g  th rough  t h e  c e n t e r  conduc to r  and r e t u r n i n g  
th rough  t h e  i n n e r  s h i e l d .  The o u t e r  s h i e l d  is used t o  
connec t  a l l  chassis grounds and i n h i b i t  r a d i a t i o n  r e s u l t i n g  
from t h e  impedance mismatch of the  cable and s o u r c e .  
The t w o  s h i e l d s  are connected o n l y  a t  p o i n t  (c ) ,  and t h e  
c h a r g i n g  c u r r e n t  flows t o  t h e  condense r  v i a  t h i s  p o i n t  
and the  i n n e r  s h i e l d .  
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a c t i o n  pumping arm was added between t h e  e n t r a n c e  s l i t  

and t h e  g r a t i n g  hous ing .  

P o l a r i z e r  

In  o r d e r  t o  de te rmine  t h e  s t a t e  of p o l a r i z a t i o n  

of t h e  beam from t h e  monochromator, a p o l a r i z e r - a n a l y z e r  

sys tem w a s  l o c a t e d  between t h e  e x i t  slit  and t h e  

e x p e r i m e n t a l  chamber a s  shown i n  F i g .  8 .  T h i s  s y s t e m ,  

shown i n  d e t a i l  i n  F i g .  9 ,  could be i n s e r t e d  i n t o  t h e  

beam when p o l a r i z a t i o n  measurements were d e s i r e d .  bu t  

w a s  o r d i n a r i l y  n o t  i n  u s e  s i n c e  t h e  t r a n s m i t t e d  i n t e n s i t y  

w a s  t o o  low for most a p p l i c a t i o n s .  The l i g h t  p a s s i n g  

t h r o u g h  t h e  p o l a r i z i n g  s y s t e m  w a s  a l lowed t o  s t r i k e  a s t r i p  

of t a n t a l u m  f o i l  a t  normal inc idence .  The p h o t o e l e c t r o n s  

r e l e a s e d  were c o l l e c t e d  and focused on t h e  f i r s t  dynode 

of an  e l e c t r o n  m u l t i p l i e r .  Th i s  same m u l t i p l i e r  and 

e l e c t r o n  c o l l e c t i o n  system were used wi thou t  t h e  p o l a r i z e r -  

a n a l y z e r  system t o  p rov ide  a s i g n a l  p r o p o r t i o n a l  t o  t h e  

i n c i d e n t  i n t e n s i t y  f o r  u se  wi th  a l l  o t h e r  measurements.  

The photocathode used i n  t h i s  mode, however, w a s  an 80% 

t r a n s p a r e n t ,  200 l ines -pe r - inch ,  e l e c t r o - e t c h e d  n i c k e l  

mesh. 

The d e s i g n  of t h e  p o l a r i z e r  is s i m i l a r  t o  t h a t  

sugges t ed  by Hamm, e t  a l , 17  except  t h a t  f u u r  r a t h e r  t h a n  

t h r e e  r e f l e c t i o n s  p e r  segment are  used ,  w i t h  a l l  a n g l e s  

of i n c i d e n c e  be ing  e q u a l .  Th i s  change was deemed n e c e s s a r y  
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F i g .  9 .  The Po la r i ze r -Ana lyze r  System. The 
p o l a r i z e r  and a n a l y z e r  are shown i n  one of t h e  two 
c r o s s e d  p o s i t i o n s .  By measuring t h e  t r a n s m i t t e d  i n t e n s i t y  
i n  t h e  f o u r  p o s s i b l e  o r i e n t a t i o n s ,  t h e  p o l a r i z a t i o n  of 
t h e  impinging beam c a n  be determined assuming t h e  
p o l a r i z e r  and a n a l y z e r  are i d e n t i c a l .  The t w o  d i f f e r e n t  
c r o s s e d  p o s i t i o n s  shou ld  have t h e  same t r a n s m i t t a n c e  and 
hence s e r v e  as  a check on t h e  r e q u i r e d  e q u a l i t y  of  t h e  
p o l a r i z i n g  e f f i c i e n c y  of  t h e  two s e c t i o n s .  
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s i n c e  i n  t h e  s h o r t e r  wavelength r a n g e ;  the r e f l e c t a n c e  

d e c r e a s e s  v e r y  r a p i d l y  w i t h  d e c r e a s i n g  ang le  of i n c i d e n c e .  

In  many cases f o r  example, t h e  a t t e n u a t i o n  due t o  two 

r e f l e c t i o n s  a t  c;O0 is less than t h a t  due t o  one r e f1ec t i c ;n  

a t  70°. The p o l a r i z i n g  m i r r o r s  were c o a t e d  w i t h  aluminum, 

s i n c e  its r e f l e c t a n c e  a t  h igh  a n g l e s  of i nc idence  and 

s h o r t  wavelengths  is g r e a t e r  t h a n  most o t h e r  materials 

d u e  t o  t h e  f a c t  t h a t  t h e  index of r e f r a c t i o n  is 

s u b s t a n t i a l l y  l ess  t h a n  1 and t h e  a b s o r p t i o n  c o e f f i c i e n t  

is s m a l l .  

Exper imenta l  Chamber and S p h e r i c a l  C o l l e c t o r  

The measurements of t h e  o p t i c a l  and p h o t o e l e c t r i c  

p r o p e r t i e s  were made w i t h i n  an expe r imen ta l  chamber of 

18-inch d i a m e t e r  a s  shown i n  F i g .  8 .  The sample c o u l d  

be h e l d  and r o t a t e d  about  e i t h e r  a v e r t i c a l  or h o r i z o n t a l  

a x i s .  An e l e c t r o n  m u l t i p l i e r ,  which cou ld  be used t o  

measure e i t h e r  t h e  r e f l e c t e d  i n t e n s i t y  o r  t h e  energy  

and a n g u l a r  d i s t r i b u t i o n  of t h e  p h o t o e l e c t r o n s ,  w a s  

mounted as shown i n  F i g .  10.  T h i s  sys tem made it p o s s i b l e  

t o  look  a t  a r b i t r a r y  a n g l e s  of photoemission or l i g h t  

r e f l e c t i o n .  Fo r  r e f l ec t ion  measurements,  t h e  r e t a r d i n g  

g r i d s  shown i n  F i g .  11 were made h i g h l y  n e g a t i v e  s o  t h a t  

n o  p h o t o e l e c t r o n s  from t h e  sample c o u l d  e n t e r  t h e  e l e c t r o n  

m u l t i p l i e r .  Re f l ec t ed  photons,  however, cou ld  p a s s  

t h r o u g h  t o  t h e  f irst  dynode and be d e t e c t e d .  Th i s  s u r f a c e  
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F i g .  10. The Scanning E l e c t r o n  M u l t i p l i e r -  
R e t a r d i n g  P o t e n t i a l  System. 
r e t a r d i n g  s y s t e m  can  be  p o s i t i o n e d  s o  as  t o  obse rve  e i t h e r  
u l t r a v i o l e t  photons ,  o r  p h o t o e l e c t r o n s  coming from t h e  
sample i n  a c o n t i n u o u s  range  of s o l i d  a n g l e s .  The a l t i t u d e  
and azimuth of t h e  e lectron m u l t i p l i e r  ( c ) ,  r e l a t i v e  t o  
t h e  sample  (e )  are v a r i e d  by t h e  r o t a t i o n s  i n d i c a t e d  
a t  ( a )  and ( b ) ,  r e s p e c t i v e l y .  

The e l e c t r o n  m u l t i p l i e r  and 
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was n o t  a t  normal i n c i d e n c e ,  however p a i r s  of measurements 

made w i t h  t h e  e l e c t r o n  m u l t i p l i e r  r o t a t e d  90° demonst ra ted  

t h a t  no u n d e s i r a b l e  p o l a r i z a t i o n  e f f e c t s  were p r e s e n t .  

The ene rgy  d i s t r i b u t i o n  of t h e  p h o t o e l e c t r o n s  w a s  

determined u s i n g  t h e  above s y s t e m  i n  one of two ways. 

I n  t h e  f i r s t ,  t h e  r e t a r d i n g  p o t e n t i a l  was s lowly  v a r i e d  

and recorded  on t h e  x -ax i s  of a n  x-y r e c o r d e r ,  w h i l e  t h e  

e l e c t r o n  m u l t i p l i e r  s i g n a l  was used on t h e  y -ax i s .  In  

t h e  second .  t h e  r e t a r d i n g  p o t e n t i a l ,  i n  a d d i t i o n  t o  t h e  

s l o w  v a r i a t i o n ,  w a s  modulated synchronous a t  a ra te  w i t h  

t h e  s o u r c e  f r equency  such  t h a t  on ly  e v e r y  o t h e r  p u l s e  of 

e l e c t r o n s  s a w  t h e  same r e t a r d i n g  p o t e n t i a l .  The r e s u l t i n g  

v a r i a t i o n  i n  p u l s e  h e i g h t  was p r o p o r t i o n a l  t o  t h e  number 

of p h o t o e l e c t r o n s  having e n e r g i e s  between t h e  l i m i t s  of 

modulat ion of t h e  r e t a r d i n g  p o t e n t i a l .  T h i s  s i g n a l ,  

which is a measure of t h e  d e r i v a t i v e  of t h e  u s u a l  

r e t a r d i n g  p o t e n t i a l  c u r v e s ,  w a s  recorded  on t h e  y -ax i s ,  

g i v i n g  t h e  energy  d i s t r i b u t i o n  d i r e c t l y .  l8 

and s i g n a l - h a n d l i n g  system w i l l  be d e s c r i b e d  i n  d e t a i l  

l a t e r  i n  t h i s  s e c t i o n .  

The e l e c t r o n i c  

Measurements of t h e  t o t a l  number of p h o t o e l e c t r o n s  

as w e l l  as t h e  number having ene rgy  greater t h a n  a few 

e l e c t r o n  v o l t s  were made as a f u n c t i o n  of t h e  a n g l e  of 

i n c i d e n c e ,  u s i n g  a s p h e r i c a l  c o l l e c t i n g  sys tem a s  shown 

i n  F i g .  1 2 .  The segments  could be connected t o  e i t h e r  

t h e  pico-ammeter or ground i n  combina t ions  s o  a s  t o  
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F i g .  1 2 .  Cut-away Drawing Showing t h e  
C o n s t r u c t i o n  and Geometry of t h e  S p h e r i c a l  R e t a r d i n g  
P o t e n t i a l  System. For h i g h  ene rgy  photons  t h e  s c r e e n  is 
b i a s e d  n e g a t i v e  r e l a t i v e  t o  t h e  c o l l e c t i n g  p l a t e s  t o  
s u p p r e s s  secondary  e l e c t r o n s .  I n  t h i s  mode, t h e  e n e r g y  
r e s o l u t i o n  is l i m i t e d  by t h e  a s p h e r i c a l  geometry of t h e  
f i e l d  i n  t h e  v i c i n i t y  of t h e  sample .  F o r  l o w  e n e r g y  
pho tons ,  t h e  s c r e e n  and s a m p l e  are h e l d  a t  t h e  same 
p o t e n t i a l  and are b i a s e d  p o s i t i v e  r e l a t i v e  t o  t h e  
c o l l e c t i n g  p l a t e s  w i t h  t h e  d e s i r e d  r e t a r d i n g  p o t e n t i a l .  
The r e s o l u t i o n  is t h e n  determined by t h e  size of t h e  
s c r e e n  mesh r e l a t i v e  t o  t h e  s e p a r a t i o n  between s c r e e n  
and p l a t e s .  
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de te rmine  c e r t a i n  of t h e  gross f e a t u r e s  conce rn ing  t h e  

a n g l e  of e m i s s i o n .  For most measurements r e p o r t e d  h e r e ,  

t h e y  were connected i n  p a r a l l e l  t o  t h e  pico-ammeter. 

The s c r e e n  w a s  used p r i m a r i l y  t o  s u p p r e s s  secondary  e l ec -  

t r o n s ,  which could cause  c o n s i d e r a b l e  e r r o r  f o r  photo-  

e l e c t r o n s  having more t h a n  20 t o  30V of ene rgy .  The 

e n t i r e  s p h e r e  could  be r o t a t e d  about  a v e r t i c a l  a x i s ,  so  

t h a t  i d e n t i c a l  measurements cou ld  be made u s i n g  d i f f e r e n t  

sets of c o l l e c t i n g  segments .  T h i s  t echn ique  w a s  m o s t  

h e l p f u l  f o r  f i n d i n g  and e l i m i n a t i n g  s o u r c e s  of l eakage  

r e s i s t a n c e .  A l l  i n s u l a t o r s  were made of t e f l o n  and were 

c l e a n e d  and scrubbed w i t h  v a r i o u s  s o l v e n t s  u n t i l  t h e  

t o t a l  l eakage  r e s i s t a n c e  was g r e a t e r  t h a n  10 ohms. A l l  

d i e l e c t r i c  s u r f a c e s  w e r e  s h i e l d e d  from r a d i a l l y - t r a v e l i n g  

p h o t o e l e c t r o n s  by meta l l ic  b r i d g e s  o r  coa ted  w i t h  

c o n d u c t i n g  p a i n t .  

14 

E l e c t r o n i c  and  Signal-Handling Systems 

A b lock  diagram of t h e  e l e c t r o n i c  d e t e c t i o n  

sys tem is shown i n  F i g .  13. The two e l e c t r o n  m u l t i p l i e r  

s i g n a l s  are f irst  processed th rough  i d e n t i c a l  c h a n n e l s  

t o  produce p u l s e s  of about  20msec l e n g t h  and 5 v o l t s  

h e i g h t .  The o r i g i n a l  l i g h t  s o u r c e  p u l s e  is abou t  

5psec  i n  l e n g t h  and produces a n  ava lanche  of e l e c t r o n s  

i n  t h e  m u l t i p l i e r  of about  t h e  same d u r a t i o n .  T h i s  

c u r r e n t  p u l s e  is conver t ed  t o  a v o l t a g e  p u l s e  w i t h  a 



b 
1 

I 
ELECTRON 
M U  LT I P L I ER 

45  

. 
GATE -b PULSE 

AMPLIFIER -b 
I 

- 
IO PU LSE 

I 1 

A 
T 

5 . 5  or 1 1  CPS 
GATE PULSE 

GATE OUT 
1 1  PPS 

SYNC PULSE 
FROM SOURCE 

-b GATE 

F i g .  13. Block D i a g r a m  of Detector E l e c t r o n i c s .  
The p u l s e s  from t h e  t w o  e l e c t r o n  m u l t i p l i e r s  which are 
i n i t i a l l y  of t h e  same d u r a t i o n  as  t h e  s o u r c e  l i g h t  
p u l s e  are a m p l i f i e d  and t h e  n o i s e  between p u l s e s  removed 
by t h e  gates ,  The p u l s e s  are t h e n  l eng thened  and f u r t h e r  
a m p l i f i e d ,  and are t h e n  d i v i d e d  e l e c t r o n i c a l l y ,  p roducing  
a broad p u l s e  whose h e i g h t  is p r o p o r t i o n a l  t o  t h e  r a t io  
of t h e  h e i g h t s  of t h e  o r i g i n a l  p u l s e s .  Next, e i t h e r  t h e  
5.5 o r  11 c p s  v a r i a t i o n  of  t h i s  s i g n a l  is e x t r a c t e d  by a 
synchronous a m p l i f i e r  and recorded .  The s o u r c e  f r equency  
is 11 pps ,  wh i l e  t h e  r e t a r d i n g  p o t e n t i a l  is v a r i e d  a t  
5.5 c p s .  
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l e n g t h  of 150psec b y  a s u i t a b l e  RC c i r c u i t  and is t h e n  

a m p l i f i e d  t o  produce a p u l s e  h e i g h t  of about  50 v o l t s .  

The s i g n a l  is t h e n  passed  through a synchronous gate 

of about  200psec wid th  which b l o c k s  t h e  d a r k  c u r r e n t  

n o i s e ,  a m p l i f i e r  n o i s e  and r i p p l e  d u r i n g  t h e  0 .1  sec 

between p u l s e s .  The p u l s e s  are lengthened  and a m p l i f i e d  

once more u s i n g  o p e r a t i o n a l  a m p l i f i e r s  f o r  t ime-cons tan t  

c o n t r o l  and a t  t h i s  p o i n t  a r e  of t h e  d e s i r e d  h e i g h t  and 

l e n g t h .  

The p u l s e  moni tor ing  t h e  s o u r c e  i n t e n s i t y  is nex t  

passed  th rough  a peak-de tec t ing  c i r c u i t  w i t h  a t i m e  con-  

s t a n t  of abou t  0 . 2  sec, g i v i n g  a s i g n a l  which is non-zero 

a t  a l l  tiiiles, y e t  whose ampli tude o r d i n a r i l y  depends 

e n t i r e l y  on t h e  h e i g h t  o f  t h e  p r e v i o u s  p u l s e .  3 n l y  i f  

t h e  p u l s e  h e i g h t  changes by more t h a n  about  35% between 

s u c c e s s i v e  p u l s e s  w i l l  t h e  s i g n a l  l e v e l  f a i l  t o  t rack 

t h e  p r e v i o u s  p u l s e  h e i g h t .  These f e a t u r e s  are v e r y  impor- 

t a n t ,  s i n c e  t h i s  s i g n a l  is t h e n  used a s  t h e  d i v i s o r  

i n  an e l e c t r o n i c  v o l t a g e  d i v i d e r ,  t h e  d iv idend  b e i n g  t h e  

v o l t a g e  p u l s e  from t h e  o t h e r  e l e c t r o n  m u l t i p l i e r  channe l .  

The o u t p u t  of t h e  d i v i d e r  is a 20msec p u l s e  whose h e i g h t  

depends o n l y  on t h e  r a t i o  of t h e  r e f l e c t e d  i n t e n s i t y  o r  

e l e c t r o n  f l u x  t o  t h e  i n c i d e n t  i n t e n s i t y .  T h i s  d i v i d e d  

s i g n a l  is f e d  i n t o  t h e  synchronous a m p l i f i e r  where e i t h e r  

t h e  fundamental  11 c p s  s i g n a l  is e x t r a c t e d ,  or t h e  5 .5  

c p s  component a s  i n  t h e  case where t h e  r e t a r d i n g  p o t e n t i a l  
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is be ing  v a r i e d  a t  5 .5  c p s .  T h i s  l a t t e r  t e c h n i q u e ,  

i n  which on ly  t h e  v a r i a t i o n  of c u r r e n t  a t  t h e  r e t a r d i n g  

p o t e n t i a l  f r equency  is observed so  as  t o  e l e c t r o n i c a l l y  

d i f f e r e n t i a t e  t h e  v a r i a t i o n  of y i e l d  w i t h  r e t a r d i n g  
18 p o t e n t i a l ,  is s imi l a r  t o  t h a t  employed by S p i c e r .  

An o p t i o n a l  very-low-f requency c i r c u i t  w a s  

p rovided ,  which w a s  u s e d  t o  change t h e  a n g l e  of i nc idence  

i n  1 . 6  deg ree  increments  when t a k i n g  r e f l e c t a n c e  d a t a .  

T h i s  c i r c u i t  u s e s  t h e  output  of t h e  synchronous a m p l i f i e r  

as a s t a r t i n g  p o i n t .  T h i s  s i g n a l  is f i r s t  passed th rough  

a 5 sec t i m e  c o n s t a n t  peak d e t e c t o r ,  t h e n  t h e  s i g n a l  

o u t  o f  t h e  peak d e t e c t o r  is compared t o  twice t h e  i n p u t  

s i g n a l .  When t h e  peak d e t e c t o r  s i g n a l  becomes l a r g e r ,  

meaning t h e  r e f l e c t a n c e  s i g n a l  has decreased t o  50% of  

its peak v a l u e ,  a p u l s e  is  gene ra t ed  which a c t u a t e s  a 

mechanism t o  advance t h e  angle  of i n c i d e n c e .  T h i s  sys t em 

is used when t h e  r e f l e c t a n c e  m u l t i p l i e r  is scann ing  a t  a 

uni form r a t e ,  and t h e  change i n  a n g l e  of i nc idence  is set 

s o  as t o  change t h e  p o s i t i o n  of t h e  ref lected beam t o  a 

p o i n t  s l i g h t l y  i n  advance of t h e  momentary p o s i t i o n  of 

t h e  m u l t i p l i e r  window. 

Data t aken  w i t h  t h e  s p h e r i c a l - c o l l e c t i n g  sys tem 

were processed  i n  a somewhat s i m p l e r  way. C u r r e n t  from 

t h e  c o l l e c t i n g  s p h e r e  went d i r e c t l y  t o  a pico-ammeter, 

whose ou tpu t  was recorded on t h e  y-ax is  of a n  x-y recorder.  

The  y-ax is  r e f e r e n c e  v o l t a g e ,  however, w a s  provided by 
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t h e  s i g n a l  from t h e  i n c i d e n t  mon i to r  channe l  ra ther  t h a n  

t h e  u s u a l  r e f e r e n c e  b a t t e r y ,  T h i s  sys t em had t o  be v e r y  

w e l l  i so la ted ,  s i n c e  t h e  grounding p o i n t  v a r i e d  w i t h  t he  

p o s i t i o n  of t h e  arm of the r e b a l a n c e  p o t e n t i o m e t e r .  F o r  

t h i s  purpose ,  i t  w a s  s a t i s f a c t o r y  t o  use  a b a t t e r y - o p e r a t e d  

d i f f e r e n t i a l  i n p u t / o u t p u t  o p e r a t i o n a l  a m p l i f i e r .  I t  w a s  

a l s o  n e c e s s a r y  t o  a d j u s t  t h e  g a i n  s o  a s  t o  have o u t p u t  

of t h e  same o r d e r  as t h e  normal b a t t e r y  r e f e r e n c e  v o l t a g e .  

F o r  r e c o r d i n g  r e t a r d i n g  p o t e n t i a l  c u r v e s  u s i n g  

t h e  two e l e c t r o n  m u l t i p l i e r  sys tem,  t h e  synchronous 

a m p l i f i e r  was set and synchronized t o  t h e  s o u r c e  f r equency ,  

and its o u t p u t  w a s  recorded on t h e  y-axis  of t h e  x-y 

r e c o r d e r ,  u s i n g  the normal b a t t e r y  r e f e r e n c e .  The retard- 

i n g  g r i d  v o l t a g e  w a s  recorded on t h e  x - a x i s .  Cons ide rab le  

care was t a k e n  t o  e l i m i n a t e  a l l  induced h i g h  f r equency  

s i g n a l s  i n  t h e  r e t a r d i n g  p o t e n t i a l  c i r c u i t  by u s i n g  an 

RC c i r c u i t  as  c l o s e  t o  the r e t a r d i n g  g r i d  as p o s s i b l e .  

Voltage t r a n s i e n t s  induced i n  t h i s  c i r c u i t ,  i n  t h e  sample 

b i a s i n g  c i r c u i t ,  and i n  t h e  e x p e r i m e n t a l  chamber w a l l s  

were found t o  be a major  problem and are p robab ly  t h e  

l i m i t i n g  f a c t o r  i n  t h e  energy r e s o l u t i o n  o b t a i n a b l e  where 

a c a p a c i t o r  s p a r k  d i s c h a r g e  s o u r c e  is used .  The s lowly-  

v a r y i n g  r e t a r d i n g  p o t e n t i a l  s i g n a l  was gene ra t ed  , u s i n g  

t h e  v o l t a g e  from a n  i n t e g r a t i n g  o p e r a t i o n a l  a m p l i f i e r ,  

t h e  scann ing  r a t e  and d i r e c t i o n  be ing  c o n t r o l l e d  by t h e  

i n p u t  v o l t a g e .  A second o p e r a t i o n a l  a m p l i f i e r  w a s  used 
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i n  t h e  d i r ec t  energy  d i s t r i b u t i o n  measurement mode t o  

add a 5 .5  c p s  s q u a r e  wave t o  t h i s  s lowly-vary ing  r e t a r d i n g  

p o t e n t i a l  . 
T h i s  s q u a r e  wave was a v a i l a b l e  on t h e  f r o n t  p a n e l  

of t h e  synchronous a m p l i f i e r  as  a c a l i b r a t i o n  s i g n a l ,  

p r o v i d i n g  t h e  a m p l i f i e r  was t r i g g e r e d  a t  5 . 5  cps .  The 

r e q u i r e d  t r i g g e r i n g  p u l s e  was gene ra t ed  by t h e  l o w -  

f requency  mon i to r ing  o s c i l l o s c o p e ,  which was on ly  t r i g g e r e d  

by e v e r y  second of t h e  11 c p s  s o u r c e  p u l s e s  because  of 

t h e  l o w  scanning  r a t e .  



* 1 

I V .  EXPERIMENTAL PROCEDURE 

Ref l ec t ance  Measurements 

The s u r f a c e s  used i n  t h e s e  measurements were 

p repa red  by e v a p o r a t i n g  t h i c k  f i l m s  of gold and aluminum 

o n  o p p o s i t e  s i d e s  of two o r d i n a r y  1 x 3-inch g l a s s  s l i d e s .  

The t h i c k n e s s  w a s  n o t  measured, b u t  w a s  estimated t o  be 

g r e a t e r  t h a n  2000A f o r  Au and 4000A f o r  A l .  T h i s  
0 0 

t h i c k n e s s  w a s  n e c e s s a r y  i n  t h e  case of aluminum t o  minimize 

t h e  i n t e r f e r e n c e  e f f e c t s  between t h e  f r o n t  and back 

s u r f a c e s  of t h e  f i l m  i n  t h e  15 (830A) t o  73 e V  ( 1 7 0 A )  
0 0 

s p e c t r a l  range where aluminum is r e l a t i v e l y  t r a n s p a r e n t .  

These s l i d e s  were t r a n s f e r r e d  a t  a tmospher ic  p r e s s u r e  t o  

t h e  expe r imen ta l  chamber and used f o r  b o t h  the o p t i c a l  

and p h o t o e l e c t r i c  measurements. One of  t h e  s l i d e s  was 

mounted i n  a sample h o l d e r  which cou ld  be rotated about  

a v e r t i c a l  a x i s ,  as  shown i n  F i g .  12 ,  w h i l e  t h e  o t h e r  

w a s  mounted s o  t h a t  i t  could be r o t a t e d  about  a h o r i z o n t a l  

a x i s .  

The r e f l e c t a n c e  measurements were made u s i n g  t h e  

doub le  e l e c t r o n  m u l t i p l i e r  system w i t h  t h e  r e f l e c t e d  

l i g h t  go ing  d i r e c t l y  t o  t h e  f i r s t  dynode of t h e  second 

m u l t i p l i e r .  The i n c i d e n t  i n t e n s i t y  m u l t i p l i e r  was used 

t o  reduce  f l u c t u a t i o n s  and d r i f t  due t o  s o u r c e  i n s t a b i l i t y  

u s i n g  e l e c t r o n i c  d i v i s i o n  and synchronous d e t e c t i o n  a s  

50 
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descr ibed  i n  t h e  p r e v i o u s  s e c t i o n .  

For a t y p i c a l  r e f l e c t a n c e  c u r v e ,  measurements 

were made as  f o l l o w s .  The g r a z i n g  inc idence  monochromator 

w a s  first set  t o  t r a n s m i t  t h e  d e s i r e d  e m i s s i o n  l i n e  w i t h  

b o t h  samples  o u t  of t h e  beam a l l o w i n g  i t  t o  p a s s  th rough  

t h e  e x p e r i m e n t a l  chamber. The r e f l e c t a n c e  m u l t i p l i e r  was 

t h e n  made t o  scan  th rough  the  beam, t h e  o u t p u t  s i g n a l  b e i n g  

p l o t t e d  on t h e  y -ax i s  of t h e  x-y r e c o r d e r  v e r s u s  t h e  a n g l e  

of r e f l e c t a n c e  on t h e  x -ax i s .  The sample w a s  t h e n  p l aced  

i n  p o s i t i o n  and s e t  a t  an angle  of inc idence  of 80° and 

t h e  m u l t i p l i e r  made t o  scan  through t h e  reflected beam, 

t h e  s i g n a l  be ing  recorded as b e f o r e .  When t h e  r e f l e c t e d  

s i g n a l  l e v e l  had decreased about 50% from its peak v a l u e ,  

t h e  a n g l e  of i n c i d e n c e  was changed t o  about  78O, which 

caused  t h e  ref lected beam t o  jump s l i g h t l y  ahead of t h e  

s c a n n i n g  m u l t i p l i e r .  T h i s  sequence was r e p e a t e d  automat-  

i c a l l y  u n t i l  t h e  r e f l e c t a n c e  peaks  were less t h a n  a few 

p e r c e n t .  The sample w a s  then  withdrawn and t h e  m u l t i p l i e r  

a g a i n  made t o  s c a n  th rough  the u n r e f l e c t e d  i n c i d e n t  beam. 

Next t h e  g r a z i n g  inc idence  monochromator w a s  s e t  

s l i g h t l y  o f f  t h e  p r e v i o u s  emiss ion  l i n e ,  and,  i f  t h e  

background or s c a t t e r e d  l i g h t  i n t e n s i t y  w a s  s een  t o  be 

s i g n i f i c a n t ,  t h e  above p rocess  was r e p e a t e d ,  w i t h  t he  

e x c e p t i o n  t h a t  t he  d i v i s o r  used i n  t h e  e l e c t r o n i c  d i v i d e r  

was manually se t  t o  t h e  average v a l u e  d u r i n g  t h e  p r e v i o u s  

measurements,  so  a s  t o  g i v e  t h e  same recorded s e n s i t i v i t y .  
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Data w e r e  t a k e n  i n  t h i s  manner for bo th  s u r f a c e s  

of b o t h  samples ,  However, t h e  u s e f u l  range  of a n g l e s  of 

i n c i d e n c e  about  t h e  h o r i z o n t a l  a x i s  was res t r ic ted  t o  

a n g l e s  between 6 5 O  and 75O by t h e  h e i g h t  of t h e  

e x p e r i m e n t a l  chamber and t h e  r equ i r emen t s  t h a t  t h e  e n t i r e  

beam be i n t e r c e p t e d  by t h e  sample .  

P o l a r i z a t i o n  Measurements 

F o r  these measurements, t h e  i n c i d e n t  i n t e n s i t y  

e l e c t r o n  m u l t i p l i e r  w a s  used i n  c o n j u n c t i o n  w i t h  a t a n t a l u m  

photocathode p l a c e d  p e r p e n d i c u l a r  t o  t h e  beam. The 

p o l a r i z e r - a n a l y z e r  system shown i n  Fig. 9 w a s  i n s e r t e d  i n  

t h e  r e g i o n  between t h e  e x i t  s l i t  and expe r imen ta l  chamber 

a s  i n d i c a t e d  i n  F i g .  8.  The sys tem w a s  a l i g n e d  u s i n g  

v i s i b l e  r a d i a t i o n  t o  a s s u r e  t h a t  l i g h t  from t h e  g r a t i n g  

w a s  p r o p e r l y  t r a n s m i t t e d  through t h e  s y s t e m  i n  a l l  f o u r  

p o s i t i o n s ,  a s  e x p l a i n e d  i n  F i g .  9 .  

D a t a  were t a k e n  w i t h  t h i s  sys tem i n  two d i f f e r e n t  

ways.  In  t h e  f i r s t ,  t h e  monochromator w a s  se t  on t h e  

desired l i n e  and t h e  p o l a r i z e r - a n a l y z e r  se t  s e q u e n t i a l l y  

t o  each  of its f o u r  p o s i t i o n s .  The monochromator was t h e n  

se t  t o  a nearby  o f f - l i n e  p o s i t i o n  and t h e  above sequence 

w a s  r e p e a t e d .  I n  t h e  second d a t a - t a k i n g  mode, t h e  mono- 

ch romato r  was made t o  t r a v e r s e  r e p e a t e d l y  through one or 

more l i n e s  w i t h  t h e  sys tem i n  e a c h  of its f o u r  p o s i t i o n s .  

I n  e i t h e r  case, t h e  t w o  c r o s s e d  p o s i t i o n s  were expec ted  
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t o  g i v e  t h e  same i n t e n s i t y ,  which s e r v e d  as a d d i t i o n a l  

ev idence  t h a t  t h e r e  were no g e o m e t r i c a l  l i m i t a t i o n s .  For 

t h e s e  expe r imen t s ,  t h e  e l e c t r o n  m u l t i p l i e r  v o l t a g e  w a s  

i n c r e a s e d  t o  as much a s  3600 v o l t s  compared t o  about  1700 

v o l t s  when t h e  p f3 la r i ze r - ana lyze r  was n o t  used ,  i n  o r d e r  

t o  o f f s e t  t h e  low l i g h t  i n t e n s i t i e s  by i n c r e a s e d  d e t e c t o r  

s e n s i t i v i t y  . 

P h o t o e l e c t r i c  Yie I d  Measurements 

- 
The p h o t o e l e c t r i c  y i e l d  d a t a  were t a k e n  u s i n g  t h e  

s p h e r i c a l  c o l l e c t i n g  system shown i n  F i g .  1 2 .  The samples  

of Au and A 1  were t h o s e  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  

A l l  of t h e  c o l l e c t i n g  s p h e r i c a l  segments w e r e  connec ted  

t o g e t h e r  and t o  t h e  inpu t  of t h e  pico-ammeter. The 

s u p p r e s s i n g  screen w a s  u s u a l l y  h e l d  a t  about  5 v o l t s  

n e g a t i v e ,  and t h e  sample p o t e n t i a l  w a s  s l i g h t l y  more 

n e g a t i v e  when t o t a l  y i e l d s  were measured. Fo r  c u r v e s  

conce rn ing  t h e  y i e l d  of high ene rgy  e l e c t r o n s ,  t h e  sample 

was b i a s e d  a p p r o p r i a t e l y  p o s i t i v e  r e l a t i v e  t o  t h e  s c r e e n .  

A great dea l  of d a t a  were taken  t o  e x p l o r e  t h e  e f fec t  of 

t h e s e  pa rame te r s  i n  o r d e r  t o  be conv inc ing  t h a t  t h e  

r e s u l t s  were r e l a t i v e l y  unchanged by u s i n g  d i f f e r e n t  

combinat i o n s  of p o t e n t i a l s .  

Because of t h e  l a r g e  amount of high-frequency 

n o i s e  g e n e r a t e d  by t h e  source ,  it w a s  n e c e s s a r y  t o  p u t  

a f i l t e r i n g  r e s i s t o r  i n  t h e  inpu t  l i n e  of t h e  pico-ammeter. 



. . 
8 b 

54 

T h i s  res is tor  i n  a s e r i e s  wi th  t h e  c a p a c i t a n c e  of t h e  

c o l l e c t i n g  s p h e r e  p r o v i d e s  a decrease i n  high-frequency 

response  s i m i l a r  t o  t ha t  produced by a resistor i n  ser ies  

w i t h  t h e  i n p u t  c a p a c i t o r  of an  o p e r a t i o n a l  d i f f e r e n t i a t o r  

c i r c u i t .  The o u t p u t  of t h e  pico-ammeter was recorded  on 

t h e  y-ax is  of t h e  x-y recorder and t h e  a n g l e  of i n c i d e n c e  

w a s  recorded on t h e  x -ax i s  u s i n g  a t e n - t u r n  p o t e n t i o m e t e r  

as  the  a n g l e  t r a n s d u c e r .  The ave rage  of t h e  i n c i d e n t  
- 

i n t e n s i t y  mon i to r  sys tem was used  i n  p l a c e  of t h e  y -ax i s  

r e f e r e n c e  b a t t e r y  as  described p r e v i o u s l y ,  so  t h a t  t h e  

r a t i o  of t h e  number of p h o t o e l e c t r o n s  t o  t h e  number of 

i n c i d e n t  photons  was recorded.  

P h o t o e l e c t r o n  energy d ist r i b u t  i o n  c u r v e s  were 

c o n s t r u c t e d  u s i n g  both t h e  r e t a r d i n g  p o t e n t i a l  and t h e  

e l e c t r o n  m u l t i p l i e r  a n a l y z e r  shown i n  F i g .  11, and t h e  

above sys tem.  However, s i n c e  t h e  t w o  t y p e s  of da ta  were 

i n  good q u a l i t a t i v e  agreement and t h e  e l e c t r o n  m u l t i p l i e r  

system w a s  much more f l e x i b l e ,  it was employed f o r  t a k i n g  

t h e  b u l k  of t h e  d a t a .  The u s e  of t h i s  system a l so  allowed 

f o r  d i r ec t  r e c o r d i n g  of energy d i s t r i b u t i o n  c u r v e s ,  s i n c e  

t h e  v a r i a t i o n s  i n  p o t e n t i a l  of t h e  r e t a r d i n g  g r id  were 

n o t  c a p a c i t i v e l y  coupled t o  t h e  s i g n a l .  

Data were recorded for e a c h  major  s p e c t r a l  l i n e ,  

f o r  n e a r  normal i n c i d e n c e ,  and f o r  t h e  a n g l e  of i n c i d e n c e  

y i e l d i n g  a maximum of t h e  p h o t o e l e c t r i c  y i e l d .  The 

e l e c t r o n  m u l t i p l i e r  w a s  p o s i t i o n e d  normal t o  t h e  s u r f  ace 
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of t h e  sample,  s i n c e  scanning of t h e  a n g l e  of emis s ion  

had shown t h a t  t h e  e l e c t r o n  f l u x  w a s  n e a r  maximum i n  t h a t  

d i r e c t i o n  f o r  a l l  a n g l e s  of i n c i d e n c e .  
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V. OPTICAL PROPERTIES OF Au AND A 1  

Reflectance v s  Angle of Inc idence  

Curves of t h e  measured r e f l e c t a n c e  of gold and 

aluminum as a f u n c t i o n  of t h e  a n g l e  o f  i nc idence  are 

shown i n  F i g s .  14 and 1 5 ,  r e s p e c t i v e l y .  S ince  t h e  i n c i d e n t  

l i g h t  w a s  known t o  be p a r t i a l l y  p o l a r i z e d ,  t h e  ang le  of 

i n c i d e n c e  was v a r i e d  about  two mutua l ly -pe rpend icu la r  

a x e s .  F o r  t h e  f u l l  c u r v e s  t h e  a x i s  of r o t a t i o n  w a s  

v e r t i c a l  s o  t h a t  t h e  p l ane  of i n c i d e n c e  f o r  t h e  

monochromator g r a t i n g  w a s  p a r a l l e l  t o  t h e  p l ane  of 

i n c i d e n c e  for t h e  sample.  F o r  t h e  s h o r t e r  c u r v e s  , a 

h o r i z o n t a l  a x i s  was used making t h e s e  t w o  p l a n e s  of 

i n c i d e n c e  p e r p e n d i c u l a r .  

d e n o t e  t h i s  expe r imen ta l  a x i s ,  shou ld  n o t  be confused 

w i t h  t h e  s u b s c r i p t  s or  p ,  which d e n o t e  t h e  p l ane  of 

p o l a r i z a t i o n  of t h e  e l e c t r i c  v e c t o r  r e l a t i v e  t o  t h e  p l ane  

of i n c i d e n c e .  

The symbol 1, which is used t o  

The samples  were prepared  by r a p i d  e v a p o r a t i o n  

i n  a b e l l  j a r  having  a p r e s s u r e  of about  t o r r  

immediately b e f o r e  t h e  evapora t ion  was s t a r t e d .  A 

t an ta lum boat w a s  used f o r  t he  gold  and a t u n g s t e n  

f i l a m e n t  f o r  t h e  aluminum. I n  each  case,  t h e  sample 

mater ia l  w a s  evapora t ed  t o  complet ion i n  about  15 seconds .  

The sample mater ia l  was k e p t  mo l t en ,  w i t h  a s h u t t e r  
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F i g .  1 4 .  Measured Ref l ec t ance  of an Evaporated 
Gold F i lm.  The c u r v e s  are l a b e l e d  by t h e  wavelength of 
t h e  i n c i d e n t  photons  , measured i n  angs t roms.  The d o t t e d  
c u r v e s  are for t h e  p l a n e  of i nc idence  p e r p e n d i c u l a r  t o  
t h e  p l a n e  of i n c i d e n c e  of t h e  monochromator and are 
c o r r e s p o n d i n g l y  l a b e l e d  b y  the  1 symbol a f t e r  t h e  
wavelength .  For a l l  o t h e r  cu rves ,  t h e  t w o  p l a n e s  of 
i n c i d e n c e  are i d e n t i c a l .  
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F i g .  1 5 .  Measured Reflectance of an Evaporated 
and Oxidized Aluminum F i l m .  The curves are labeled  a s  
i n  the  previous f i g u r e .  The f i l m  had been oxidized by 
s e v e r a l  days' exposure t o  t h e  atmosphere. 
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p r o t e c t i n g  t h e  s u b s t r a t e  f o r  s e v e r a l  minutes  b e f o r e  

e v a p o r a t i o n ,  and t h e  s h u t t e r  w a s  opened o n l y  a f t e r  the  

e v a p o r a t i o n  was w e l l  unde r  way. Then these samples  were 

t r a n s f e r r e d  t o  t h e  expe r imen ta l  chamber a t  a tmospher ic  

p r e s s u r e .  

The r e f l e c t a n c e  of go ld  is seen  t o  be s u b s t a n t i a l l y  

g r e a t e r  t h a n  t h a t  of aluminum e x c e p t  f o r  a f e w  cases i n  

t h e  s h o r t e r  wavelength r eg ion  f o r  large angles  of 

i n c i d e n c e .  In these f e w  c a s e s  t h e  ang le  of i nc idence  

exceeds  t h e  c r i t i c a l  a n g l e ,  and t h e  a b s o r p t i o n  c o e f f i c i e n t  

is v e r y  low. The measured r e f l e c t a n c e s  of go ld  and 

aluminum as  a f u n c t i o n  of wavelength a t  t h e  t w o  a n g l e s  

of i n c i d e n c e  60° and 75O are shown i n  F i g ,  1 6 ( a ) .  F o r  

these d a t a ,  t h e  v e r t i c a l  a x i s  w a s  used and t h e  two p l a n e s  

of i nc idence  ( t h a t  of t h e  g r a t i n g  and of t h e  sample) 

were p a r a l l e l .  S i m i l a r  r e f l e c t a n c e  d a t a  t a k e n  w i t h  a 

f r e s h l y  c l eaned  monochromator g r a t i n g  show s u b s t a n t i a l  

d i f f e r e n c e s  from t h e  c u r v e s  shown h e r e .  T h i s  d i f f e r e n c e  

is due t o  a change i n  t h e  p o l a r i z i n g  e f f i c i e n c y  of t h e  

g r a t i n g ,  which w i l l  be  d i s c u s s e d  l a te r  i n  c o n j u n c t i o n  w i t h  

t h e  d i r e c t  measurements of t h e  p o l a r i z a t i o n  of t h e  i n c i d e n t  

l i g h t .  The p robab le  error i n  t h e s e  measurements i n  terms 

of t h e  p r e c i s i o n  of t h e  a p p a r a t u s  is estimated t o  be 

abou t  - +5% o r  5 . 0 2 ,  whichever is g r e a t e s t .  The e r r o r  

f l a g s  are n o t  shown i n  F i g .  14 or 15 because of t h e  

d e n s i t y  and o v e r l a p  of the expe r imen ta l  c u r v e s .  T a b l e s  
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F i g .  1 6 .  Re f l ec t ance  and Computed O p t i c a l  
C o n s t a n t s  of Gold and Aluminum. The c u r v e s  i n  ( a )  g i v e  
t h e  r e f l e c t a n c e s  of t h e  two f i l m s  a t  60° and 7 5 O .  The 
p o i n t s  p l o t t e d  i n  (b) show t h e  v a l u e s  of n and k n e c e s s a r y  
t o  produce the r e f l e c t a n c e  c u r v e s  shown i n  Figs. 14 and 
15. The s o l i d  and dashed cu rves  show r e s p e c t i v e l y  t h e  
v a r i a t i o n  of n and k f o r  gold and aluminum a s  r e p o r t e d  
by Hunter19 and by C a n f i e l d ,  Hass and Hunter .20  
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g i v i n g  t h e  measured r e f l e c t a n c e  v a l u e s  are inc luded  i n  

Appendix I .  

Computed ap t  i c a l  C o n s t a n t s  

The r e f l e c t a n c e  data t a k e n  w i t h  t h e  v e r t i c a l  a x i s  

( p a r a l l e l  p l a n e s  of i nc idence )  were used i n  c o n j u n c t  i o n  

w i t h  t h e  F r e s n e l  e q u a t i o n s  t o  c a l c u l a t e  t h e  o p t i c a l  

c o n s t a n t s  n and k, as  w e l l  a s  t h e  deg ree  of p o l a r i z a t i o n  

p ,  o f  t h e  i n c i d e n t  r a d i a t i o n .  The t o t a l  r e f l e c t a n c e  
- 

RA f o r  l i g h t  of a r b i t r a r y  p o l a r i z a t i o n  is g iven  i n  

Eq. (3) i n  terms of n ,  k ,  'ij and t h e  a n g l e  of i n c i d e n c e  8 .  

Thus,  f o r  any n ,  k ,  and t h e r e  is a unique  cu rve  of 

RA v s  8 and,  c o n v e r s e l y ,  s i n c e  R is a f u n c t i o n  of o n l y  

t h r e e  unknowns, t h e r e  w i l l  be a unique  set  of n ,  k ,  and 

p associated w i t h  any t h r e e  da ta  p o i n t s .  A computer 

program w a s  used as  desc r ibed  i n  Appendix I t o  c a l c u l a t e  

v a l u e s  of n ,  k ,  and 5 needed t o  f i t  v a r i o u s  combina t ions  

of  da ta  p o i n t s  t a k e n  from each v e r t i c a l  ax i s  r e f l e c t a n c e  

c u r v e .  These sets of n ,  k, and 5 were t h e n  used t o  

c a l c u l a t e  t h e  r e f l e c t a n c e  cu rves  which cou ld  be compared 

a t  a l l  p o i n t s  t o  t h e  expe r imen ta l  c u r v e s .  I n  a d d i t i o n ,  

t h e  complimentary 6 w a s  used w i t h  each  n and k t o  c a l c u l a t e  

r e f l e c t a n c e  c u r v e s  which should be compared w i t h  t h e  

e x p e r i m e n t a l  da t a  abou t  t h e  h o r i z o n t a l  a x i s .  The v a l u e s  

of n and k g i v i n g  t h e  o v e r - a l l  best f i t  are shown i n  

F i g .  16b,  and a re  t h e r e  compared t o  v a l u e s  of n and k 

A 

- 
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determined  by Hunter” and by C a n f i e l d ,  H a s s  and Hun te r .  20 

The F r e s n e l  e q u a t i o n s  g i v e  t h e  r e f l e c t a n c e  from 

t h e  p l ane  s u r f a c e  of a s e m i - i n f i n i t e  medium, where t h e  

o p t i c a l  c o n s t a n t s  change d i s c o n t i n u o u s l y  from t h o s e  of 

vacuum t o  t h o s e  of t h e  medium. In p r a c t i c e ,  t h e  o p t i c a l  

c o n s t a n t s  must change i n  a small f r a c t i o n  of a wavelength ,  

and t h e  medium must be t h i c k  enough s o  t h a t  t h e r e  be no 

i n t e r f e r e n c e  w i t h  l i g h t  r e f l e c t e d  from subsequent  

boundar i e s  i n  o r d e r  f o r  t h e  F r e s n e l  e q u a t i o n s  t o  be 

a p p l i c a b l e .  I t  might t h e r e f o r e  be expec ted  t h a t  t h e  

approx ima te ly  30A ox ide  f i l m  on t h e  aluminum s u r f a c e  would 
0 

cause  some d i s c r e p a n c i e s  i n  t h e  r e s u l t s  f o r  aluminum, 

p a r t i c u l a r l y  a t  t h e  s h o r t e r  wave leng ths .  Even i f  t h e  

a b s o l u t e  change i n  t h e  r e f l e c t a n c e  were s m a l l ,  t h e  o p t i c a l  

c o n s t a n t s  which depend more on t h e  shape of t h e  

r e f l e c t a n c e  c u r v e s  t h a n  on its magnitude,  could  be 

s u b s t a n t i a l l y  a f f e c t e d .  In  t h e  case of  g o l d ,  t h e  

p re sence  of s u r f  ace contaminat  i o n  ( p o s s i b l y  a s s o c i a t e d  

w i t h  t h e  f i n a l  stage of t h e  e v a p o r a t i o n  when t h e  boa t  

was ve ry  h o t  and n e a r l y  empty) may be r e s p o n s i b l e  f o r  

t h e  low a b s o r p t i o n  c o e f f i c i e n t  (open c i rc les  i n  F i g .  1 6 ( b ) ) .  

The h i g h  r e f l e c t a n c e  of  gold a t  s h o r t  wavelengths  is 

predominant ly  due t o  i t s  unusua l ly  h i g h  a b s o r p t i o n  

c o e f f i c i e n t ,  hence,  any contaminat ion  would t end  t o  

d e c r e a s e  t h e  r e f l e c t a n c e .  S i m i l a r l y ,  t h e  expec ted  l o w  
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a b s o r p t i o n  c o e f f i c i e n t  of  aluminum f o r  wavelengths  

below 8 3 0 A  t e n d s  t o  appea r  i n c r e a s e d  due t o  t h e  s u r f a c e  
0 

oxide  l a y e r ,  t o  t h e  e x t e n t  t h a t  t h e  t r a n s m i s s i o n  edge 

f o r  f r e q u e n c i e s  above t h e  p l a s m a  f r equency  is no l o n g e r  

e v i d e n t .  

P o l a r i z a t i o n  Measurements 

The p o l a r i z e r - a n a l y z e r  sys tem d e s c r i b e d  ea r l i e r  

i n  t h e  t e x t  w a s  used t o  de te rmine  d i r e c t l y  t h e  

p o l a r i z a t i o n  of t h e  photon beam caused  by t h e  g r a z i n g  

i n c i d e n c e  r e f l e c t  i o n  from the  g r a t i n g  . F i g .  17  ( a )  shows 

t h e  p o l a r i z a t i o n  of t h e  beam as a f u n c t i o n  of  wavelength 

f o r  t w o  d i f f e r e n t  g r a t i n g  c o n d i t i o n s .  I n  t h e  f i r s t  case 

(bot tom c u r v e ) ,  t h e  g r a t i n g ,  which is a Siegbahn type  

r u l e d  l i g h t l y  on g l a s s ,  had been c l e a n e d  about  6 months 

p r e v i o u s l y ,  wh i l e  i n  t h e  second case ( t o p  c u r v e ) ,  t h e  

g r a t i n g  w a s  c l eaned  immediately p r i o r  t o  t h e  s t a r t  of 

measurements.  I n  b o t h  c a s e s ,  s i m i l a r  d a t a  were t a k e n  on  

s e v e r a l  s u c c e s s i v e  days  t o  a s s u r e  t h a t  l i t t l e  change 

w a s  t a k i n g  p l a c e  d u r i n g  t h e  c o u r s e  of t a k i n g  r e f l e c t a n c e  

and photoemission d a t a .  

The degree  of p o l a r i z a t i o n  w a s  a l s o  determined 

from t h e  computer a n a l y s i s  of t h e  r e f l e c t a n c e  c u r v e s  

shown i n  F i g .  1 4 ,  and t h e  t r i a n g l e s  i n  F i g .  17 (a )  g i v e  

t y p i c a l  r e s u l t s .  These p o i n t s  would l i e  on t h e  t o p  c u r v e  

if t h e  d a t a  were s u f f i c i e n t l y  p r e c i s e  and t h e  s u r f a c e  
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was m i c r o s c o p i c a l l y  f l a t  and f r e e  of con tamina t ion .  

The s ca t t e r  of t h i s  d a t a  i s  due t o  t h e  f a c t  t h a t  t h e  

r e f l e c t a n c e  is r e l a t i v e l y  i n s e n s i t i v e  t o  p o l a r i z a t i o n ,  

hence a f e w  p e r c e n t  change i n  r e f l e c t a n c e  due t o  

con tamina t ion  may be e q u i v a l e n t  t o  a v e r y  l a r g e  change 

i n  t h e  deg ree  of p o l a r i z a t i o n .  In  F i g .  1 7 ( b ) ,  an example 

of t h e  e f f e c t  of wide ly  d i f f e r i n g  v a l u e s  of on t h e  f i t  

of  a t y p i c a l  curve  is given .  The expe r imen ta l  cu rve  is 

s o l i d ,  w h i l e  t h e  c u r v e  c a l c u l a t e d  t o  f i t  a t  30, 40, and 

60 d e g r e e s  is dashed ,  and t h e  c u r v e  c a l c u l a t e d  t o  f i t  a t  

50, 60 and 70 degrees  is d o t t e d .  The co r re spond ing  s h o r t  

c u r v e s  show t h e  1 a x i s  d a t a  ( t h e  p l a n e s  of i nc idence  are 

p e r p e n d i c u l a r )  and c a l c u l a t i o n s .  In  most cases:  when 

p was chosen s o  as t o  g ive  good agreement w i t h  t h e  1 
a x i s  d a t a ,  t h e  f i t  of t h e  // axis  da t a  was everywhere 

w i t h i n  t h e  expe r imen ta l  error. 

- 



. 
V I .  PHOTOELECTRIC PROPERTIES OF Au AND A 1  

P h o t o e l e c t r i c  Yield v s  Angle of Inc idence  

The number of p h o t o e l e c t r o n s  e j e c t e d  from t h e  

sample a s  a f u n c t i o n  of t h e  a n g l e  of i n c i d e n c e  w a s  

measured about  two o r thogona l  a x e s  u s i n g  t h e  s p h e r i c a l  

c o l l e c t i n g  system d e s c r i b e d  i n  S e c t i o n s  I11 and I V .  

These d a t a  were a l so  normalized u s i n g  t h e  r e f l e c t a n c e  

da t a  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n  s o  a s  t o  g i v e  

t h e  v a r i a t i o n  i n  y i e l d  p e r  absorbed photon.  Curves i n  

F i g .  18 show t h e  r e s u l t s  f o r  Au and F i g .  1 9  for A l .  

The c u r v e s  l a b e l e d  // and 1 show t h e  y i e l d  p e r  i n c i d e n t  

photon f o r  p a r a l l e l  and p e r p e n d i c u l a r  p l a n e s  of 

i n c i d e n c e ,  r e s p e c t i v e l y ,  as e x p l a i n e d  p r e v i o u s l y .  

S i m i l a r l y ,  t h e  c u r v e s  co r re spond ing ly  l a b e l e d  / /C and 1 C  

have been c o r r e c t e d  f o r  r e f l e c t a n c e  and hence g i v e  t h e  

y i e l d  p e r  absorbed photon.  The d i f f e r e n c e s  between t h e s e  

l a t t e r  c u r v e s ,  which are  i n d i c a t i v e  of some c o r r e l a t i o n  

between t h e  d i r e c t i o n  of i n t e r n a l  p h o t o e l e c t r o n  e x c i t a t i o n  

and t h e  p o l a r i z a t i o n ,  w i l l  be d i s c u s s e d  l a t e r .  I n  b o t h  

cases,  t h e  samples  were aga in  evapora t ed  t h i c k  f i l m s  

which had been t r a n s f e r r e d  from t h e  e v a p o r a t o r  t o  t h e  

e x p e r i m e n t a l  chamber a t  a tmospher ic  p r e s s u r e .  

F o r  t h e  s h o r t e r  wavelengths ,  t h e  maximum y i e l d  

is s e e n  t o  be s e v e r a l  t i m e s  t h e  y i e l d  a t  normal i n c i d e n c e  

66 
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F i g .  18. Photoe lec tr i c  Yield of Gold a s  a Function 
of t h e  Angle of Incidence.  The s o l i d  curves show the 
y i e l d  per inc ident  photon as d i r e c t l y  measured, whi le  the  
dashed s e c t i o n s  g i v e  t h e  y i e l d  per absorbed photon. 
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F i g .  1 9 .  P h o t o e l e c t r i c  Y i e l d  of Aluminum as a 
Function of The Angle of Incidence.  The s o l i d  curves  
show t h e  y i e l d  p e r  i n c i d e n t  photon w h i l e  the  dashed 
s e c t i o n s  g i v e  t h e  y i e l d  per  absorbed photon. The effect 
of p o l a r i z a t i o n  i n  t h e  y i e l d  per  absorbed photon is smal l ,  
but seems s i g n i f i c a n t  . 
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I n  t h e  case of aluminum, which is known t o  be r e l a t i v e l y  

t r a n s p a r e n t  i n  most of t h i s  ene rgy  r a n g e ,  t h e  e f f e c t  of 

p e n e t r a t i o n  d e p t h  should  be v e r y  pronounced, s i n c e  t h e  

mean f r e e  p a t h  of t h e  primary p h o t o e l e c t r o n s  is  extremely 

s h o r t .  21 If t h e  o p t i c a l  p r o p e r t i e s  of a so l id  are known, 

s o  t h a t  it is p o s s i b l e  t o  c a l c u l a t e  t h e  mean d e p t h  of 

a b s o r p t i o n  as  a f u n c t i o n  of t h e  a n g l e  of i n c i d e n c e ,  

and i f  t h e  v a r i o u s  a p p l i c a b l e  i n t e r n a l  e l e c t r o n - e l e c t r o n  

s c a t t e r i n g  c r o s s  s e c t i o n s  are known, i t  shou ld  t h e n  be 

p o s s i b l e  t o  deduce c u r v e s  of y i e l d  v s  a n g l e  of i n c i d e n c e  

s i m i l a r  t o  t h o s e  shown i n  F i g s .  18 and 19.  Converse ly ,  

t h e  da ta  shown can  be used t o  c a l c u l a t e  approximate 

s c a t t e r i n g  cross s e c t i o n s ,  i f  a s imple  enough model of 

t h e  s c a t t e r i n g  p r o c e s s e s  is u s e d .  

A d d i t i o n a l  i n fo rma t ion  is a v a i l a b l e  from t h e  

v a r i a t i o n  of t h e  number of e l e c t r o n s  ejected a s  a f u n c t i o n  

of bo th  energy  and a n g l e  of i n c i d e n c e .  For example, t h e  

number of ejected p h o t o e l e c t r o n s  having  e n e r g i e s  greater 

t h a n  a f e w  e l e c t r o n  v o l t s  i s  shown i n  F i g .  20. Note 

t h a t  t h e  p o l a r i z a t i o n  dependence g e n e r a l l y  e v i d e n t  i n  

F i g s .  18 and 1 9  is no longe r  p r e s e n t  i n  F i g .  2 0 .  T h i s  

seems t o  i n d i c a t e  t h a t  whatever  dependence on p o l a r i z a t i o n  

is p r e s e n t  i n  t h e  pr imary ( i n t e r n a l )  p h o t o e l e c t r o n s ,  it is  

l o s t  a s  a r e s u l t  of e l a s t i c  s c a t t e r i n g ,  whereas t h e  lower 

e n e r g y ,  i n e l a s t i c a l l y - s c a t t e r e d  e l e c t r o n s  r e t a i n  some 

memory of t h e  a n g u l a r  d i s t r i b u t i o n  of t h e  pr imary  e l e c t r o n s .  
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F i g .  20 .  The Yie ld  of Photoe lec trons  w i t h  Energies  
Greater than a Few e V .  The e f fects  of p o l a r i z a t i o n  seem 
t o  have near ly  vanished.  
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T h i s  may be e x p l a i n e d ,  if  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  

is very much h i g h e r  f o r  t h e  e n e r g e t i c  p r i m a r i e s  t h a n  f o r  

t h e  lower ene rgy  s e c o n d a r i e s .  I n  t h i s  case, t h e  on ly  

e l e c t r o n s  e s c a p i n g  a f t e r  having undergone j u s t  one 

c o l l i s i o n  would be t h o s e  which are i n e l a s t i c a l l y  scattered 

t o  v e r y  l o w  e n e r g i e s  on t h e i r  f i r s t  c o l l i s i o n .  I f  some 

memory of t h e  d i r e c t i o n  of t r a v e l  is t r a n s f e r r e d  w i t h  

t h i s  c o l l i s i o n ,  t h e  r e s u l t s  mentioned above would be 

e x p e c t e d .  The accuracy  of t h e  measurements t a k e n  a t  

1 5 0 A  and below was n o t  s u f f i c i e n t  t o  make p o s s i b l e  a 

meaningfu l  comparison of the  t y p e  p r e s e n t e d  i n  F i g .  20. 

A mechanism f o r  t h e  above e f f e c t  i n  t h e  case of t h e  more 

e n e r g e t i c  photons is as  fo l lows :  

0 

The i n i t i a l  e x c i t a t i o n  of t he  pr imary photo- 

e l e c t r o n  is t o  an  energy  band l y i n g  above one o r  more 

empty ones .  The e l e c t r o n  then makes a t r a n s i t i o n  down 

t o  one of these bands,  accompanied by t h e  emis s ion  of a 

f l u o r e s c e n t  photon.  S i n c e  t h i s  t r a n s i t i o n  is d i r ec t ,  

t h e  momentum remains unchanged i n  d i r e c t i o n .  I n  F i g .  21 ,  

t h e  r e c i p r o c a l  y i e l d  is p l o t t e d  as  a f u n c t i o n  of t h e  

c a l c u l a t e d  d e p t h  of a b s o r p t i o n ,  based on t h e  c u r v e s  i n  

F i g .  3 ( a ) ,  which g i v e  t h e  mean a b s o r p t i o n  d e p t h  i n  

aluminum a s  a f u n c t i o n  of t he  a n g l e  of i n c i d e n c e .  These 

p o i n t s  would be on a s t r a i g h t  l i n e  i f  a unique  s c a t t e r i n g  

cross s e c t i o n  c o u l d  be u s e d  t o  d e s c r i b e  t h e  p r o c e s s  a s  

d i scussed  on page 23. U s i n g  t h e  s l o p e s  of these c u r v e s  
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F i g .  2 1 .  The Reciprocal Yie ld  of Aluminum as 
a Function of the  Mean Depth of Photon Absorption.  
The predicted  f u n c t i o n a l  form ( s e e  S e c t i o n  11) for a 
s i n g l e  e f f e c t i v e  mean free path of t h e  photoe lec trons  
is a s t r a i g h t  l i n e .  
inc idence  . 

Yn is the  y i e l d  for normal 
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a t  d/& = 0 . 6 ,  one o b t a i n s  from Eq. (13) v a l u e s  f o r  t h e  

r a t i o  of photon t o  e l e c t r o n  mean f r ee  p a t h ,  &/b, of 2 .45 ,  

5 . 2 5 ,  4 . 9  and 3 .5  f o r  wavelengths  of 555, 248, 173 and 

1 5 0 A ,  r e s p e c t i v e l y .  
0 

Energy D i s t r i b u t i o n  of  t h e  P h o t o e l e c t r o n s  

The d i s t r i b u t i o n  of e n e r g i e s  of t h e  p h o t o e l e c t r o n s  

w a s  determined u s i n g  a very  s imple  r e t a r d i n g  p o t e n t i a l  

sys t em as  d i s c u s s e d  on page 33. Measurements were t a k e n  

f o r  a t  l ea s t  two d i f f e r e n t  a n g l e s  of i n c i d e n c e ,  one n e a r  

normal and one a t  t h e  a n g l e  of i nc idence  g i v i n g  t h e  

maximum t o t a l  y i e l d .  I n  t h e  f e w  cases where measurements 

were t a k e n  f o r  e s s e n t i a l l y  a l l  a n g l e s  of i n c i d e n c e ,  t h e  

da ta  v a r i e d  smoothly between t h e s e  two ex t r emes .  Thus, 

it w a s  n o t  deemed e s s e n t i a l  t o  measure t h e s e  i n t e r m e d i a t e  

cases for most i n c i d e n t  photon e n e r g i e s .  

F i g s .  22 and 23 show t h e  p h o t o e l e c t r o n  ene rgy  

d i s t r i b u t i o n s  f o r  go ld  and aluminum f o r  normal i n c i d e n c e  

and f o r  t h e  a n g l e  of  i nc idence  g i v i n g  peak t o t a l  y i e l d .  

The abscissa shows t h e  energy  r e l a t i v e  t o  t h a t  of t h e  

i n c i d e n t  photon,  t h u s  i n  t h e  case of n o n - i n e l a s t i c a l l y  

scat tered e l e c t r o n s ,  g i v i n g  t h e  energy  l e v e l  of o r i g i n  

r e l a t i v e  t o  t h e  Fermi l e v e l .  The v a s t  m a j o r i t y  of t h e  

p h o t o e l e c t r o n s  have been i n e l a s t i c a l l y  scattered and ,  

hence ,  show no s h a r p  s t r u c t u r e  i n  t h e i r  ene rgy  d i s t r i b u t i o n  

The ene rgy  d i s t r i b u t i o n  of t h e  p r i m a r i e s  which e scape  
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F i g .  22.  Energy D i s t r i b u t i o n  of P h o t o e l e c t r i c  
from Gold. In most cases cu rves  are g iven  f o r  b o t h  normal 
i n c i d e n c e  and t h e  a n g l e  of i n c i d e n c e  g i v i n g  t h e  peak 
y i e l d  p e r  i n c i d e n t  photon ,  i d e n t i f i e d  by N and P, 
r e s p e c t i v e l y .  In  order t o  compare t h e  shape  and ene rgy  
loss  of t h e  h i g h e r  ene rgy  e l e c t r o n s ,  t h e  a b s c i s s a  shows 
t h e  ene rgy  d i f f e r e n c e  between t h e  p h o t o e l e c t r o n  and t h e  
i n c i d e n t  photon.  
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F i g .  23. Energy D i s t r i b u t i o n  of P h o t o e l e c t r o n s  
f r o m  Aluminum. In  most c a s e s ,  c u r v e s  are g i v e n  both  f o r  
normal  i n c i d e n c e  and f o r  t h e  a n g l e  of i n c i d e n c e  g i v i n g  
t h e  peak y i e l d  p e r  i n c i d e n t  photon ,  as  i n d i c a t e d  by N and 
P, r e s p e c t i v e l y .  In  o r d e r  t o  compare t h e  shape  and 
e n e r g y  l o s s  of t h e  h i g h e r  e n e r g y  e l e c t r o n s ,  t h e  a b s c i s s a  
shows t h e  e n e r g y  d i f f e r e n c e  between t h e  p h o t o e l e c t r o n  
and t h e  i n c i d e n t  pho ton .  
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when s h o r t e r  wavelength photons were used show s t r u c t u r e ,  

c o n s i s t e n t  w i t h  the  r e s o l u t i o n  f o r  t h e s e  e n e r g i e s ,  which 

is about  10% of t he  e l e c t r o n  ene rgy  as  d i s c u s s e d  i n  

S e c t i o n  I V .  I t  a p p e a r s  t h a t  a s u b s t a n t i a l  number of  t h e  

e l e c t r o n s  c o n t r i b u t i n g  t o  t h e  high ene rgy  peak on t h e  

l e f t  i n  F i g s .  22 and 23 escape  w i t h  no l o s s  i n  ene rgy ,  

p r o v i d i n g  t h e  a n g l e  of inc idence  is n e a r  g r a z i n g .  Data 

o n  t h e  s h i f t i n g  of t h i s  peak w i t h  a c o n t i n u o u s l y  v a r y i n g  

a n g l e  of i nc idence  shou ld  provide  v e r y  u s e f u l  i n fo rma t ion  

on t h e  v a r i a t i o n  of s c a t t e r i n g  c r o s s  s e c t i o n  w i t h  

ene rgy .  The e f f ec t s  of s c a t t e r i n g  by s u r f a c e  con taminan t s ,  

which are ve ry  impor t an t  at t h e  lower e n e r g i e s ,  can  

e s s e n t i a l l y  be e l i m i n a t e d ,  s i n c e  t h e y  are independent  

of t h e  a b s o r p t i o n  dep th .  

P h o t o e l e c t r i c  Y i e l d  of Thin F i lms  

The number of p h o t o e l e c t r o n s  e m i t t e d  from a f i l m  

which is n o t  o p t i c a l l y  t h i c k  depends on bo th  t h e  number 

of photons absorbed and t h e  a b s o r p t i o n  dep th  p r o f i l e .  

The c u r v e s  shown i n  F i g .  24 g i v e  t h e  v a r i a t i o n  of y i e l d  

w i t h  a n g l e  of i n c i d e n c e  of a t h i n  (about  2000A) aluminum 

f i l m  evapora t ed  on a glass s u b s t r a t e .  S ince  t h e  c o n t r i -  

b u t i o n  of p h o t o e l e c t r o n s  f r o m  t h e  g l a s s  canno t  be deter- 

0 

mined, no a t t empt  w a s  made t o  normal ize  t h e  data  i n  terms 

of y i e l d  p e r  absorbed  photons.  

The d e t a i l e d  p e r i o d i c  s t r u c t u r e  is due t o  i n t e r -  
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F i g .  24.  The P h o t o e l e c t r i c  Yie ld  p e r  I n c i d e n t  
Photon of a Thin Aluminum F i l m .  The s t r u c t u r e  is due t o  
i n t e r f e r e n c e  of t h e  l i g h t  reflected from t h e  f r o n t  and 
back s u r f a c e s .  The s p a c i n g  of t h e  i n t e r f e r e n c e  maxima 
and minima can  be used t o  c a l c u l a t e  b o t h  t h e  index  of 
r e f r a c t i o n  and  the  f i l m  t h i c k n e s s .  



78 

f e r e n c e  between t h e  l i g h t  r e f l e c t e d  from t h e  two sides 

of t h e  t h i n  f i l m  and can  be used t o  c a l c u l a t e  both t h e  

f i l m  thickness and t h e  index of  r e f r a c t i o n . 2 2  

d i f f e r e n c e  between t h e  o p t i c a l  p a t h  l e n g t h  of a r a y  

The 

r e f l e c t e d  from t h e  f r o n t  and back s u r f a c e  of t h e  t h i n  

f i l m  is g iven  by 

s = 2 tn /cos  cp - 2 t  t a n  CD s i n  e ,  

where t is t h e  f i l m  t h i c k n e s s ,  8 t h e  ang le  of i n c i d e n c e ,  

and cp t h e  a n g l e  of r e f r a c t i o n .  Using h e l l ' s  l a w ,  t h i s  

r e d u c e s  t o  s = 2 t n  \r"--"- l -n  s i n  0 .  C o n s t r u c t i v e  i n t e r f e r e n c e  

i n  t h e  r e f l e c t e d  beam occurs  when s = m X .  where m is an 

i n t e g e r  g i v i n g  t h e  e q u a t i o n  m 
\ I  

S i n c e  r e f l e c t e d  photons do n o t  produce p h o t o e l e c t r o n s ,  

t h e  y i e l d  p e r  i n c i d e n t  photon should  be minimum f o r  

these c o n d i t i o n s .  S i m i l a r l y ,  t h e  y i e l d  is a t  a maximum 

f o r  ha l f  i n t e g r a l  v a l u e s  of m .  T h i s  t echn ique  has  been 

u s e d  by Hunter  w i t h  r e f l e c t a n c e  d a t a ,  however, he concludes  
22 t h a t  t he  c r i t i c a l  a n g l e  technique  is more a c c u r a t e .  

I n  h i s  t e c h n i q u e ,  t h e  angle  of inc idence  which would 

g i v e  t o t a l  r e f l e c t i o n  ( c r i t i c a l  a n g l e )  w i t h  a non- 

a b s o r b i n g  medium is determined on t h e  p o s i t i o n  of maximum 

s l o p e  of t h e  r e f l e c t a n c e  vs a n g l e  of i n c i d e n c e  c u r v e s .  

F i g .  2 5  i l l u s t r a t e s  t h e  g r a p h i c a l  t echn ique  employed, i n  

o r d e r  t o  de te rmine  the  p rope r  va lue  of m t o  u s e  i n  t h e  

above e q u a t i o n .  F o r  wavelengths  i n  t h e  range  700 t o  1 7 0 A ,  
0 
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F i g .  25 .  An Example of the  Graphical Determination 
of n and t from Interference  Fringe Spacing i n  t h e  
P h o t o e l e c t r i c  Y i e l d .  When the f r i n g e s  are  properly 
numbered the  maxima and m i n i m a  should l i e  on a s t r a i g h t  
l i n e .  The i n t e r c e p t  w i t h  the  h o r i z o n t a l  ax is  g i v e s  n2,  
w h i l e  the  i n t e r c e p t  w i t h  the v e r t i c a l  axis g i v e s  (2tn/X) . 
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where t h i s  technique is appl i cab le ,  the  index of r e f r a c t i o n  

a s  determined from t h e s e  data is  wi th in  5% of Hunter's 

va lue  (shown i n  F i g .  1 7 ( b ) ) .  



V I I .  SUMMARY 

O p t i c a l  ' r o p e r t i e s  

Although it is e v i d e n t  t h a t  t h e  p o l a r i z a t i o n  due 

t o  t h e  monochromator g r a t i n g  can  cause  t h e  r e f l e c t a n c e  

d a t a  t o  d i f f e r  d r a s t i c a l l y  f r o m  what would be expec ted  

w i t h  u n p o l a r i z e d  l i g h t ,  i t  appea r s  t h a t  p r o p e r  a n a l y s i s  

of t h e  da ta  u s i n g  t h e  F r e s n e l  r e l a t i o n s  can  s t i l l  r e s u l t  

i n  r easonab ly  accurate va lues  of t h e  e f f e c t i v e  o p t i c a l  

c o n s t a n t s ,  t h a t  is t h e  o p t i c a l  c o n s t a n t s  a s s o c i a t e d  w i t h  

a complex s u r f a c e .  Ref lec tance  data  u s i n g  t w o  m u t u a l l y  

p e r p e n d i c u l a r  a x e s  f o r  sample r o t a t i o n s  o r  else an  

independent  measurement of t he  p o l a r i z a t  ion are e s s e n t i a l ,  

s i n c e  o the rwise  a p p r o p r i a t e  s imul t aneous  changes i n  n 

and k can n e a r l y  compensate f o r  l a r g e  e r r o r s  i n  t h e  

p o l a r i z a t i o n  i n  terms of the  p r e d i c t e d  r e f l e c t a n c e  

c u r v e  about  a s i n g l e  a x i s .  The  p re sence  of s u r f a c e  

con tamina t ion  and ox ide  does a f f e c t  t h e  r e s u l t s  f o r  t h e  

o p t i c a l  c o n s t a n t s ,  b u t  probably n o t  more t h a n  w i t h  

measurements made w i t h  unpo la r i zed  l i g h t  from a normal 

i n c i d e n c e  monochromator. In view of these r e s u l t s ,  i t  

seems c e r t a i n  t h a t  similar measurements on a t o m i c a l l y  

c l e a n  s u r f a c e s  made i n  a n  u l t r a - h i g h  vacuum system would 

y i e l d  more re l iab le  r e s u l t s .  

81 
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P h o t o e l e c t r i c  P r o p e r t i e s  

Measurements of t he  ene rgy  d i s t r i b u t i o n  of t h e  

p h o t o e l e c t r o n s  i n d i c a t e  t ha t  f o r  a n g l e s  of i n c i d e n c e  

around t h e  c r i t i c a l  a n g l e ,  when t h e  refracted beam is 

n e a r l y  p a r a l l e l  t o  t h e  s u r f a c e ,  a s u b s t a n t i a l  number of 

e l e c t r o n s  c a n  e scape  wi thout  s u f f e r i n g  i n e l a s t i c  

s c a t t e r i n g .  S u b s t a n t i a l l y  a l l  of t h e s e  e l e c t r o n s ,  however, 

have undergone a s u f f i c i e n t  number of e l a s t i c  c o l l i s i o n s  

t h a t  any dependence on the  d i r e c t i o n  of p o l a r i z a t i o n  of 

t h e  i n c i d e n t  photons is removed. The o n l y  e l e c t r o n s  

observed  t o  r e t a i n  some memory of t h e  i n i t i a l  d i r e c t i o n  

of e x c i t a t i o n  are  t h e  v e r y  l o w  ene rgy  secondary  

e l e c t r o n s .  These e l e c t r o n s  are thought  t o  have been 

i n e l a s t i c a l l y  s c a t t e r e d  t o  l o w  e n e r g i e s  b e f o r e  l o s i n g  

t h e i r  d i r e c t i o n a l i t y  through e las t ic  s c a t t e r i n g .  The 

mean f r e e  p a t h  a t  low e n e r g i e s  is s u f f i c i e n t l y  long  

( co r re spond ing  t o  a s m a l l  cross s e c t i o n )  t o  make t h e  

p r o b a b i l i t y  of e scape  wi thout  f u r t h e r  s c a t t e r i n g  

r easonab ly  h i g h .  The d e t a i l e d  mechanism for t h i s  p r o c e s s  

i n v o l v e s  a d i r ec t  t r a n s i t i o n  f r o m  a n  ene rgy  band f a r  

above t h e  vacuum l e v e l  t o  one o n l y  s l i g h t l y  above t h e  

vacuum l e v e l  and should  be accompanied by t h e  emis s ion  

of a f l u o r e s c e n c e  photon of abou t  10 e V  less ene rgy  t h a n  

t h a t  of t he  e x c i t i n g  photon. T h i s  r a d i a t i o n  may l i e  i n  

a r e l a t i v e l y  t r a n s p a r e n t  s p e c t r a l  r e g i o n ,  a t  l e a s t  i n  
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t h e  case of aluminum, and should t h e r e f o r e  be d e t e c t a b l e  

w i t h  s u i t a b l e  a p p a r a t u s .  

The e f f e c t i v e  mean free p a t h  f o r  i n e l a s t i c  

s c a t t e r i n g  of t h e  pr imary e l e c t r o n s  can  be deduced from 

t h e  v a r i a t i o n  of t h e  number of e l e c t r o n s  i n  t h e  pr imary  

ene rgy  range  as a f u n c t i o n  of the  a n g l e  of i n c i d e n c e ,  

p r o v i d i n g  t h e  o p t i c a l  c o n s t a n t s  are known. If t h e  o p t i c a l  

c o n s t a n t s  are no t  known, t h e s e  da ta  can  be f i t t e d  t o  

de te rmine  t h e  r a t i o  of e l e c t r o n  mean f ree  p a t h  t o  photon 

mean free p a t h ,  as  w e l l  as the  e f f e c t i v e  index  of r e f r a c -  

t i o n .  Only i f  t h e  mean f r e e  p a t h  of t h e  photon is much 

less t h a n  t ha t  of t h e  p h o t o e l e c t r o n s  does t h e  v a r i a t i o n  

w i t h  a n g l e  of i n c i d e n c e  and the a s s o c i a t e d  e l e c t r o n  

mean free p a t h  in fo rma t ion  g e t  washed o u t .  Data on t h e  

v a r i a t i o n  of t h e  t o t a l  y i e l d  w i t h  a n g l e  of inc idence  

c a n  be used t o  o b t a i n  an  estimate of b o t h  t h e  pr imary  

and secondary  e l e c t r o n  mean f ree  p a t h s  based on c e r t a i n  

s i m p l i f y i n g  assumpt ions .  However, t h e  curve  f i t t i n g  

n e c e s s a r y  is much more complicated and is s e n s i t i v e  t o  

s m a l l  s y s t e m a t i c  e r r o r s  i n  t h e  measurement of e i t h e r  t h e  

r e f l e c t a n c e  or y i e l d  p e r  i n c i d e n t  photon.  The n e c e s s a r y  

assumption t h a t  t h e  i n e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  

of secondary ene rgy  have a meaningful  ave rage  f r e e  p a t h  

is c e r t a i n l y  q u e s t i o n a b l e ,  a l t h o u g h  a r e a s o n a b l e  number 

c a n  be ob ta ined  from data p l o t s  such  a s  t h e  one g iven  

i n  F i g .  21.  
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The i n c l u s i o n  of  a v a r i a b l e  a n g l e  of i n c i d e n c e  

o f f e r s  r e l a t i v e l y  l i t t l e  expe r imen ta l  d i f f i c u l t y  and t h e  

e f f e c t s  produced are more e a s i l y  i n t e r p r e t e d  t h a n  any 

o t h e r  pa rame te r  t h e  expe r imen to r  has  a t  h i s  d i s p o s a l .  

The in fo rma t ion  o b t a i n e d  i n  t h i s  way g r e a t l y  a i d s  t h e  

i n t e r p r e t a t i o n  of o t h e r  photoemiss ion  d a t a ,  p a r t i c u l a r l y  

i n  t h i s  photon energy  range .  For unambiguous r e s u l t s  

t h e  r e f l e c t a n c e  shou ld  be measured, b u t  t h i s  c a n  a l s o  be 

done q u i t e  s imply ,  f o r  example, by a l l o w i n g  t h e  r e f l e c t e d  

beam t o  impinge on a c y l i n d r i c a l  photoca thode  c o a x i a l  

abou t  t h e  sample and measuring t h e  e m i t t e d  p h o t o c u r r e n t .  

when t h e  sys t em is p r o p e r l y  b i a s e d .  I t  is s t r o n g l y  

recommended t h a t  t h e s e  o p t i o n s  be i n c l u d e d ,  i f  a t  a l l  

p o s s i b l e ,  when photoemission measurements are t o  be made 

i n  t h e  f u t u r e  below 1000A. 
0 



APPEND I X  

COMPUTER PROGRAM 

The f o l l o w i n g  program w a s  used t o  de t e rmine  n ,  

F r e s n e l ’ s  r e l a t i o n s  k and 5 from t h e  r e f l e c t a n c e  da ta .  

are 

2 2  2 2  
= [ ( a -cos  8 )  +b ] / [ (a+cos  e )  .b 1, 

RS 

= ( I p - I s ) / ( I  +Is), and 
P 

b2 = %c[ :  1 (n 2 2  -k - s i n  2 e )+4n  h 1 1’2-(n2-k2-sin 2 8 1 1 .  

Values  f o r  Rs, R and 5 can be c a l c u l a t e d ,  i f  n ;  k, and 

0 are g iven ,  by a very  s i m p l e  s u b r o u t i n e  which o p e r a t e s  

i n  a f e w  m i l l i s e c o n d s  on t h e  computer .  The problem is 

t o  de termine  t h e  v a l u e s  of n ,  k, and 6 r e q u i r e d  t o  g i v e  

t h e  e x p e r i m e n t a l l y  observed r e f l e c t a n c e  c u r v e .  I n  order 

t o  be a s s u r e d  of a unique  answer f o r  e a c h  s o l u t i o n ,  t h a t  

is uni form convergence us ing  s u c c e s s i v e  approx ima t ions ,  

a s  w e l l  a s  t o  e x p l o r e  t h e  s e n s i t i v i t y  of t h e  s o l u t i o n  t o  

P 

85 



86 

v a r i o u s  de ta i l s  i n  t h e  shape of t h e  r e f l e c t a n c e  c u r v e s ,  

v a l u e s  of n, k and 5 w e r e  determined f o r  each of s e v e r a l  

sets of three d a t a  p o i n t s  from each c u r v e .  The r e f l e c t a n c e  

d a t a  used  are g iven  i n  Tables  I and 11. The p robab le  error 

i n  these measurements i n  terms of t h e  p r e c i s i o n  of t h e  

a p p a r a t u s  is estimated t o  be about  +5% or  - 4.02, whichever  

is g r e a t e s t .  The program was k e p t  r easonab ly  s imple  and 

s t r a i g h t f o r w a r d  t o  a v o i d  e x c e s s i v e  programming c o s t s ,  s i n c e  

it w a s  f e l t  t h a t  on ly  a few hour s  of computer t i m e  wmld 

be r e q u i r e d .  

Values  of RA were c a l c u l a t e d  f o r  a 5 x 5 x 5 a r r a y  

of v a l u e s  of n, k and 5 f o r  each of t h e  three a n g l e s  of 

i n c i d e n c e  chosen .  The sum of t h e  s q u a r e s  of t h e  d e v i a t i o n  

of these c a l c u l a t e d  v a l u e s  f rom t h e  measured r e f l e c t a n c e  

was t h e n  used as  a measure of t he  q u a l i t y  of t h e  f i t .  The 

p r o c e s s  was t h e n  r e p e a t e d  us ing  an  array c e n t e r e d  about  t h e  

p o i n t  of best f i t ,  and having a range  of 1/5 t h e  p r e v i o u s  

r a n g e .  T h i s  i t e r a t i o n  w a s  cont inued  u n t i l  t h e  least  s q u a r e  

e r r o r  was less t h a n  g u a r a n t e e i n g  t h a t  t h e  c a l c u l a t e d  

v a l u e s  of n, k and 5 would g i v e  a t h e o r e t i c a l  cu rve  which 

would n o t  m i s s  t h e  data  p o i n t s  by more t h a n  1%. The v a l u e s  

of n ,  k and de termined  i n  t h i s  way were t h e n  used t o  

c a l c u l a t e  v a l u e s  of RA f o r  a n g l e s  of i n c i d e n c e  from 0 t o  

85O t aken  i n  5 O  i nc remen t s .  

The r e s u l t i n g  c u r v e s  of RA v s  8 were compared 

w i t h  t h e  e x p e r i m e n t a l  c u r v e s  f o r  each of t h e  t h r e e  data 



0 

X ( A )  75O 

128 

150 

173 

248 

508 

555 

630 

760 

835 

923 

I.. 

0.20 

0.23 

0.23 

0.250 

0.43 

0.416 

0.42 

0.40 

0.41 

0.457 

.. 

0 

h ( A )  75' 

0.13 

0.15 

0.15 

0.155 

0.31 

0.31 

0.31 

0.30 

0.31 

0.348 
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0.07 

0.09 

0.10 

0.095 

0.235 

0.237 

0.235 

0.22 

0.23 

0.268 

128 0.10 

150 0.12 

173 0.14 

248 0.193 

508 0.43 

555 0.406 

630 0.44 

760 0.38 

835 0.37 

923 0.390 

-- 

60° -- 

0.058 

0,165 

0.177 

0.175 

0.17 

0.19 

0.207 

550 50° 450 40° 35O 

0.041 

0.12 

0.132 

0.145 

0.14 

0.15 

0.165 

TABLE 11. REFLECTANCE OF ALUMINUM 

50° 450 40° 35O 60' 55O 70° 65O 

0.08 

0.06 

0.05 

0.068 

0.31 

0.297 

0.31 

0.25 

0.28 

0.270 

0.06 

0.04 

0.03 

0.027 

0.22 

0.205 

0.215 

0.20 

0.21 

0.204 

0.015 

0.12 

0.134 

0.15 

0.15 

0.15 

0.150 

0.06 

0.0111 

0.11 

0.12 

0.11 

0.102 

- 

1.028 
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p o i n t  sets t aken  from t h a t  cu rve ,  and v a l u e s  g i v i n g  the  

b e s t  o v e r - a l l  f i t  were selected f o r  i n c l u s i o n  i n  F i g .  1 6 ( b ) .  

The F o r t r a n  program used  is below, where t h e  

cor respondence  between t h e  F o r t r a n  n o t a t i o n  and t h e  

n o t a t i o n  used above and i n  t h e  main t e x t ,  is as  f o l l o w s :  

2 

2 
O 1 ’  R 1 , s i n  O1,cosO 1 , s i n e  1 tan0  1 
6 2 2  , R  , s i n  €~~,cosB 2 , s i n e  2 t an0  2 H = 

63 R s i n  2 e3  ,cose3 , s ine3 tane3  
’ 3’ 

where (B1R1, 02R2 ,  €I3R3) are the t h r e e  d a t a  p o i n t s  used 

f o r  a g i v e n  c a l c u l a t i o n :  

XN = nl n2 n3 n4 



. . 

1 

5 

7 

89 

90 

150 

13 

400 

D I M E N S I O N  X ( 4 ) ,  N(4) 
D I M E N S I O N  P ( 1 0 ) .  Z ( 4 )  
D I M h N S I O N  H ( 3  , S i ,  X N ( 3 , 4 ) ,  F ( 3  .4) , R ( 3 )  
DATA (XN( I ,  J )  , 1=1 3) , J=1 J4) /12*0 . O /  
DATA X X ( 1 , 2 )  , X N ( 2 , 3 )  , X N ( 3 , 4 )  ,M/3*1,0,1/ 

CALL E O F  (K) 
IF ( K . E Q . 1 )  GO T O  77 

R E A r j ( 2 , 5 )  ( ( H ( 1 , J )  ,I=1,3) , J=1 ,2 )  

x (  1) = lo .  
x(2)  =o .o 
X ( 3 )  =O .O 
X (4) =O . 0 
FORMAT (6F5.3) 

D O 7 1 = 1 , 3  
HR=H ( I ,  1) * Z / 4 5 .  
S R = S I N ( H R )  
CR=COS (HR) 
H ( I 3) =SR*SR 
H ( I , 4 ) = C R  
H ( I ,  5) =H ( I  ,3) /CR 
CONTINUE: 
WRITE (3,891 
FORMAT ( 1 H l J 8 H  H ARRAY, / / / / )  
W R I T h ( 3 . 9 0 )  ( ( H ( 1 , J )  ,J=1,5) ,1=1,3) 

I J ~  300 I P = l O  , 1 0 0 , l O  
CONV 1 = IP 
F (3 ,1) = C J W  1* - 0  1 
DO 40O!vlX=20 ,300,20 
cum2 =MX 
F ( 2 , 1 ) = C O N V 2 *  . 0 1  
DO 400MN=20.300,20 
CONV3=MN 
F ( 1,l) = C O W 3  * . 0 1 
TEST-0 .O 
DO 150X=1,3 
C A L L  S U B 1  (F ,H , R S  , R P  RA , L ,K) 

ThST = TLST + R ( K )  
CONT I NUE 
IF ( T h S T . L T . X ( l ) )  GO TO 13 
GO T O  400 
X( 1) =TEST 
X (2)  =F (1,l) 
X (3) =F (2 , 1) 
X ( 4 )  =F(3 ,1)  
N (2)  =COhV3 
N (3) = C O W 2  
N ( 4 )  =CONVl 
C O N T I I i ~  

Z = A T A N ( l . O )  

FORiMAT (5 (X , F 1 0 . 6 , 5 X ) )  

R (K) =( RA -H (‘E(,2) ) **2 
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c 
d 

90 
300 
672 

6 1  
62 

71 
72 

81 
82 

650 

14 

4 1  
700 
800 

28 

77 

CONTINUE 

NP=N (4) +5 
IF ( C O N V l . N E . 1 0 . 0 )  GO TO 61 
LP=1 
GO TO 62 
LP=N (4) -5 
C d N T I N U E  
DO 8 0 0 J P = L P , N P  
CONVX=JP 
F (3 , l )  =CONVX* . 01 
NK=N(3)  +10 
IF ( C O E V 2 . N B . 2 0 . 0 )  GO TO 71 
LK= 1 
GO T O  72 
LK=N (3) -10 
C d N T  INiJE 
D 0 7 0 0 I X = L K , N K  
COhVY-IX 
F (2  .1) =COKVY* . 01 
NN=N(2)  +10 
IF ( C O W 3  .NE.  20 . O )  GO TO 81 
L N = 1  
GO T O  82 
LN=N (2 )  -10 
CONTIKUE 
D O 7 0 0  IN=LN ~ I?K 
C ON VZ = I N  
F ( l , l ) = C O K V Z *  .01 
A=O.O 
DO 6 5 0 K = 1 , 3  
CALL S U B 1  ( F , H , R S , R P , R A , L , K )  
R ( h<) = (RA -11 (K , 2 )  ) **2 
A =A +R ( I ( )  
CONTINUE 
IF ( A . L T . X ( l ) )  GO TO 1 4  
GO T O  4 1  
X ( l ) = A  
X ( 2 ) =F ( 1 1 ) 
X ( 3 )  =F(2 ,1 )  
X (4) =F (3 1) 
CONTINUE 
CONT I N  UE 
CONTINUE 
WRITE (3,281 
FORMAT ( 1 H 4 , 2 H  N , 1 4 X , 2 H  K , 1 4 X , 2 H  P J 1 4 X , 9 H  ACCURACY) 
WRITE (3,672) X ( 2 ) ,  X ( 3 ) ,  X ( 4 ) ,  X ( 1 )  
GO T U  1 
CONT INUE 
END 

FORMAT ( X y 7 ( F 1 2  . 8 , 4 X ) )  
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SUBROUTINE SUBl(FX,HX,RSX,RPX,RAX,LX,KX) 
DIMENSION FX(3,4) ,HX(3,5) 
LX-1 
S=FX ( 1 ,LX) * *2 -FX (2 , Lx) **2 -HX (KX 3) 
ss=s*s 
AA=O.5* (SQRT(SS+(2. *FX( 1 ,LX) *FX(2, LX) ) **2) 7s) 
BB-AA -S 

RSX=( (A -HX (KX , 4) ) **2+BB) / ( (A tHX (KX , 4) ) **2 tBB) 
RPX=RSX* ( (A -HX ( K X  ,5) ) **2 +BB) / ( (A+HX (KX ,5) ) **2 +BB) 
RAX=RSX*FX(3,LX)+RPX*(l.O-FX(3,LX)) 

A=SQRT(AA) 

69 CONTINUE 
RETURN 
END 
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3 A B S T R A C T  

The optical and photoelectric properties of thin f i lTs  of gold and aluminum have 
been investigated in the spectral  region of 100 to  1000A. 
been paid t o  the effects of polarization and angle of incidence on the total yield and 
energy distribution of the photoelectrons. 
an essentially continuous function of the angle of incidence in order to obtain yields 
per  absorbed photon, was also used in conjunction with the Fresnel  relations to  
calculate the optical constants and polarization of the incident beam. To check 
these resul ts ,  the polarization was measured directly, and in addition, the reflec- 
tance was measured at several  angles of incidence with the plane of incidence 
rotated 90°. The calculated optical constants and the complementary polarization 
data were then used t o  predict the original reflectance curves. A spherical retardin 
potential system was employed to obtain data providing total yields, while an 
electron multiplier with a retarding grid system measured the photoelectron energy 
distributions. 
incidence depends primarily on the absorption depth of the photons. The effect of 
the direction of polarization relative t o  the plane of incidence was small  and could 
only be seen in terms of the yield of low energy photoelectrons. 

Particular attention has 

The reflectance, which was measured a s  

It was found that the variation of photoelectric yield with angle of 
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